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1.  Introduction 

This  project  is  to  use  a  unique  Wv  mouse  model  to  study  the  interaction  of  reproductive  factors 
and  genetic  mutations  in  the  development  of  ovarian  cancer.  Ovarian  cancer  often  develops  in 
women  of  peri-menopausal  age,  when  ovulation  ceases  but  gonadotropin  levels  are  increased. 
We  found  that  the  germ  cell  deficient  Wv  mice  mimics  postmenopausal  biology  and  develop 
benign  ovarian  tumors.  We  plan  to  test  the  hypothesis  that  the  synergy  between  oncogenic 
mutations  and  postmenopausal  biology  can  be  revealed  by  combining  the  germ-cell  deficient 
phenotype  of  the  Wv/Wv  mice  and  genetic  alterations  such  as  p53,  pten,  or  p27kipl,  which  are 
found  in  human  ovarian  cancer. 


2.  Body:  Research  Progress 

Previously  in  the  first  year  of  the  project,  we  completed  Aim  1/Task  L,  to  determine  the  optimal 
genetic  changes  that  synergize  with  the  Wv  genotype  for  the  development  of  malignant  ovarian 
tumors  in  mice  (Months  1-12).  We  have  found  that  deletion  of  p53,  pten,  or  p27  in  Wv/Wv 
background  each  produced  unique  impacts  on  the  ovarian  tumor  phenotypes.  The  details  were 
described  in  the  last  report  and  will  not  be  repeated  here.  We  are  still  working  on  various 
supporting  experiments  to  study  the  mechanism  so  that  we  can  publish  these  interesting  findings 
In  the  current  or  second  year,  we  have  selected  Wv/Wv;p27  (+/-)  and  Wv/Wv;p27  (-/-) 
genotypes  for  further  characterization.  Both  Wv/Wv;p27  (+/-)  and  Wv/Wv;p27  (-/-)  mice 
produce  large  ovarian  tumors  (FIGURE  1).  Thus,  Wv/Wv;p27  (+/-)  or  (-/-)  represents  a  new 
mouse  model  for  ovarian  tumors. 


1239D  p27  (-/-);  Wv/Wv,  6  months  1577  p27  (+/-); Wv/Wv,  1 1  months 


FIGURE  1.  Ovarian  morphology  of  Wv/Wv:p27  (-/-)  and  (+/-)  ovaries.  H&E  images  of  representative 
ovaries  of  a  6-month-old  Wv/Wv:p27  (-/-)  (A)  and  11-month-old  Wv/Wv:p27  (+/-)  (B)  mice.  H&E 
staining  shows  the  unique  morphology  of  the  ovarian  tumors,  which  resemble  the  histology  of  human 
ovarian  tumors. 

A.  B. 


Because  p53  mutantion  is  a  frequent  event  in  human  ovarian  cancer,  we  continue  to  be 
interested  in  producing  p53  mutation  in  the  epithelial  cells  of  the  Wv/Wv  mice.  For  this  effort, 
we  crossed  Wv  mice  with  flox-p53  mice  to  produce  Wv/Wv;p53  flox/flox  mice.  These  mice 
were  then  be  injected  with  adenoviral  ere  expressing  construct  to  delete  p53  in  ovarian  surface 
epithelial  cells.  To  determine  the  efficiency  of  adenoviral  infection  and  ere  expression,  we  used 
beta-galactosidase  expressing  adenoviral  vector  as  indicator.  In  control  ovaries,  we  found  that 
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injection  of  adenoviral-beta-galactosidase  led  to  expression  exclusively  in  the  ovarian  surface 
epithelium  (FIGURE  2).  In  3-month-old  Wv/Wv  mice,  the  expression  of  beta-galactosidase  was 
found  mainly  on  the  surface,  and  there  was  also  some  internal  epithelial  cells  showing  positive 
staining  (FIGURE  3).  These  studies  demonstrated  that  we  will  be  able  to  efficiently  expressing 
ere  in  ovarian  surface  epithelial  cells  both  in  control  and  Wv/Wv  mice. 


FIGURE  2.  Beta-galactosidase  staining  of  wildtype  ovaries  to  determine  transfection  efficiency. 

Mice  of  3 -month-old  wildtype  were  injected  with  solvent  control  (A)  or  108  pfu  adenovirus  expressing 
beta-gal  (B)  into  the  ovarian  bursa.  One  week  after  injection,  the  ovaries  were  harvested,  sectioned,  and 
stained  for  beta-galactosidase  activity.  The  beta-gal  activity  is  detected  mainly  in  surface  epithelium  as 
shown  by  an  enlarged  view  (C).  It  is  estimated  that  70%  of  the  ovarian  surface  epithelial  cells  were 
infected  with  adenovirus. 


FIGURE  3.  Beta-galactosidase  staining  of  Wv/Wv  ovary  to  determine  transfection  efficiency. 

Wv/Wv  Mice  of  3-month-old  were  injected  with  solvent  control  (A)  or  108  pfu  adenovirus  expressing 
beta-gal  (B)  into  the  ovarian  bursa.  One  week  after  injection,  the  ovaries  were  harvested,  sectioned,  and 
stained  for  beta-galactosidase  activity.  The  beta-gal  activity  is  detected  mainly  in  surface  epithelium  as 
shown  by  an  enlarged  view  (C).  It  is  estimated  that  50%  of  the  ovarian  surface  epithelial  cells  were 
infected  with  adenovirus.  Most  of  the  beta-gal  positive  epithelial  cells  are  peripheral. 


ABC 


control  Beta-gal  Beta-gal 


We  have  also  started  experiments  to  inject  adeno-cre  into  the  ovaries  of  Wv/Wv;p53 
flox/flox  mice.  Initial  observation  suggests  that  expression  of  ere  produced  a  drastic  impact  on 
the  ovarian  tumor  morphology  and  sizes,  as  an  example  showing  in  FIGURE  4.  It  appears  p53 
deletion  enhances  the  expansion  of  the  ovarian  tumor.  The  result  is  preliminary  but  is  very 
promising.  We  are  in  the  process  of  injecting  a  larger  number  of  Wv/Wv;p53  flox/flox  mice 


5 


Xu,  Xiangxi,  Ph.D. 


with  adeno-cre,  and  we  also  plan  to  observe  the  impact  on  the  ovarian  tumor  phenotype  in  older 
(12  months)  animals. 


FIGURE  4.  Ovarian  morphology  of  Wv/Wv:p53  flox/flox  (-/-)  mice  injected  with  Adeno-beta-gal. 

Mice  of  Wv/Wv:p53  (flox/flox)  genotype  were  injected  with  adenovims  expressing  ere  at  3  month  of  age. 
Five  months  following  injection  of  ere  to  delete  p53  gene,  the  ovaries  were  harvested  for  H&E  staining  of 
right  (A)  and  left  (B)  ovaries.  The  tumors  are  larger  and  showing  more  malignant  morphology.  The 
detail  analysis  and  immunological  staining  of  the  tumors  are  ongoing. 


A  B 


Thus,  in  summary,  the  pilot  study  of  task  1  or  Aim  1.  (To  compare  tumor  phenotypes  of 
Wv/Wv:p53  (-/-),  Wv/Wv:p27  (-/-),  and  Wv/Wv:pten  (+/-))  is  completed  in  year  one.  We  chose 
to  study  the  wv/wv;p27  (-/-)  and  Wv/Wv:p5 3 (flox/flox)  models  in  details  in  Task  2  (To 
characterize  the  selected  ovarian  tumor  mouse  model  in  detail  (Months  13-36)).  The 
experiments  in  task  2  continue  to  progress  into  the  3rd/last  year  as  planned.  We  expect  to  obtain 
results  and  conclude  the  project  by  the  end  of  the  third  year. 

Task  3  is  “To  analyze  the  alterations  in  signaling  pathways  in  ovarian  tumors  and  derived 
cell  cultures  from  the  mice  (Months  30-36)”.  The  work  will  be  started  in  year  3,  after  the 
establishment  and  characterization  of  ovarian  cancer  mouse  model.  No  experiments  have  been 
done  in  this  task  yet.  Currently,  we  are  ready  to  initiate  the  analysis  of  both  wv/wv;p27  (-/-)  and 
Wv/Wv:p5 3 (flox/flox)  models  as  planned  for  Aim  3/Task  3  in  the  3rd  year  of  the  project. 

The  future  experiments  will  be  carried  out  essentially  as  that  were  planned  in  the  original 
application.  The  timeline  and  tasks  in  the  Statement  of  Work  have  been  well  followed. 

Therefore,  we  report  that  the  project  is  progress  well  as  planned  in  the  second  year.  We 
have  completed  Task  1,  made  very  good  progress  on  Task  2,  and  we  are  ready  to  engage  Task  3 
in  the  coming  year.  Preliminary  results  suggest  that  we  will  be  able  to  complete  our  goal  of 
producing  a  mouse  model  reflecting  the  etiology  of  postmenopausal  ovarian  cancer  risk.  We  are 
confident  to  obtain  conclusive  results  in  the  coming  years. 

3.  Key  Research  Accomplishments 

•  Further  verify  the  relevance  of  the  Wv  mouse  model  to  human  menopausal 
biology. 
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•  Verifying  the  influence  of  reproductive  aging/menopause  on  human  ovarian 
morphological  changes.  This  finding  provides  additional  support  for  relevance 
and  rationale  to  study  the  Wv  mice  as  models  to  investigate  menopausal 
physiology  on  ovarian  epithelial  remodeling  and  cancer  risk. 

•  We  made  an  unexpected  but  very  interesting  finding  that  the  additional  mutation 
of  p53  in  the  Wv  mice  rescued  ovarian  tumor  phenotype  and  preserved  germ 
cells.  This  finding  suggests  p53  is  very  important  for  the  survival  and  lifespan  of 
ovarian  germ  cells  and  follicles.  Also,  the  finding  suggests  that  the  depletion  of 
follicles  is  key  for  the  ovarian  tumor  phenotype. 

•  We  found  that  deletion  of  p27Kipl  enhance  the  growth  of  the  ovarian  tumors. 
Thus,  Wv/Wv;  p27  (-/-)  genotype  is  a  new  mouse  model  for  ovarian  tumors. 

•  Preliminary  study  showed  that  Wv/Wv:p53  flox/flox  model  is  technically 
achievable  by  our  laboratory.  The  initial  result  suggests  that  we  will  be  able  to 
induce  ovarian  tumors  more  closely  mimicking  human  cancer  using  adeno-cre 
injection  in  the  Wv/Wv:p53  flox/flox  mice. 

4.  Reportable  Outcomes 

(1)  Kathy  Q.  Cai,  Jennifer  Smedberg,  Elizabeth  R.  Smith,  Andrew  K.  Godwin,  and 
Xiang-Xi  Xu,  2007  in  preparasion.  We  showed  that  the  Wv  mice  in  combination 
with  p27  is  a  new  mouse  model  for  postmenopausal  biology,  ovarian  aging,  and 
ovarian  cancer  risk.  2007;  in  preparation. 

(2)  Yang  et  ah.  Am.  J.  Pathology,  2007  in  press:  We  showed  that  the  Wv  mice  are 
excellent  models  for  human  menopausal  biology.  This  result  is  published. 

(3)  Cai,  Yang,  Smith  et  al.,  2007  in  preparasion:  We  found  that  p53,  pten,  and 
p27kipl  genes  have  critical  impacts  on  the  survival  of  ovarian  germ  cells/follicle. 
We  are  doing  additional  experiments  to  characterize  the  mechanism  further  and 
also  to  obtain  additional  cases  to  determine  the  statistical  significance.  These 
results  will  be  prepared  for  publication  in  the  near  future. 

5.  Conclusions: 

The  experimental  results  are  supportive  of  the  hypothesis  that  addition  of  genetic 
mutations  may  convert  the  benign  ovaian  tumors  in  Wv  mice  into  more  malignant  tumors. 

To  add  p53  mutation,  we  need  to  delete  p53  specifically  in  ovarian  surface  epithelial  cells 
but  not  in  germ  cells  tin  order  to  create  a  model  of  malignant  ovarian  tumor  based  on  the  Wv 
mice.  In  the  current  study,  we  introduce  mutation  only  in  ovarian  surface  epithelial  cells  to  avoid 
the  rescuing  activity  in  germ  cells.  We  have  crossed  Wv  mice  into  flox-p53  mutant  mice.  We 
have  introduced  ere  recombinase  into  ovarian  surface  epithelial  cells  in  the  mice  by  injecting 
adeno-cre  into  ovary  to  delete  p53  only  in  surface  epithelial  cells  but  not  in  germ  cells.  This 


7 


Xu,  Xiangxi,  Ph.D. 


approach  was  considered  in  the  original  application  as  an  alternative  approach.  Thus,  the  future 
experiments  will  be  carried  out  essentially  as  that  were  planned  in  the  original  application. 

In  sum,  the  project  is  progress  well  as  planned.  We  have  layered  the  basis  in  the  first  2 
years  of  the  project,  and  we  hope  to  obtain  conclusive  results  for  the  aims  and  questions 
proposed  in  the  coming  3rd/last  year. 
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Tumorigenesis  and_  Neoplastic  Progression 


A  Reduction  of  Cyclooxygenase  2  Gene  Dosage 
Counters  the  Ovarian  Morphological  Aging  and 
Tumor  Phenotype  in  Wv  Mice 


Wan-Lin  Yang,  Kathy  Qi  Cai, 

Jennifer  L.  Smedberg,  Elizabeth  R.  Smith, 
Andres  Klein-Szanto,  Thomas  C.  Hamilton,  and 
Xiang-Xi  Xu 

From  the  Department  of  Medical  Oncology,  Ovarian  Cancer 
and  Tumor  Biology  Programs,  Fox  Chase  Cancer  Center, 
Philadelphia,  Pennsylvania 


Menopausal  ovaries  undergo  morphological  changes , 
known  as  ovarian  aging,  which  are  implicated  in  the 
high  incidence  of  ovarian  cancer  occurring  during 
the  perimenopausal  and  immediate  postmenopausal 
periods.  The  germ  cell-deficient  Wv  mice  recapitulate 
these  postmenopausal  alterations  in  ovarian  mor¬ 
phology  and  develop  tubular  adenomas.  We  demon¬ 
strate  that  a  reduction  of  cyclooxygenase  2  gene  dos¬ 
age  rescued  the  ovarian  aging  phenotype  of  the  Wv 
mice,  whereas  homozygous  deletion  was  accompa¬ 
nied  by  a  compensatory  increase  in  ovarian  cycloox¬ 
ygenase  1  expression  and  prostaglandin  E2  synthesis. 
Cyclooxygenase  inhibitors  also  reduced  the  tumor 
phenotype  in  a  preliminary  study.  These  findings  sug¬ 
gest  that  increased  cyclooxygenase  activity  contrib¬ 
utes  to  the  preneoplastic  morphological  changes  of 
the  ovarian  surface  epithelium,  which  can  be  re¬ 
versed  by  a  reduction  of  gene  dosage  achieved  by 
either  genetic  or  pharmacological  approaches.  (Am  J 
Pathol 2007, 170:1325-1336;  DOI:  10.2353/ajpath.2007.060769) 

Menopause  is  defined  as  the  permanent  cessation  of 
menstruation  resulting  from  depletion  of  germ  cells  and 
loss  of  ovarian  follicular  activity,  and  it  is  accepted  to 
be  a  by-product  of  modern  health  advances  and  the 
extension  of  lifespan  that  occurred  in  the  last  century.1 
By  the  end  of  the  reproductive  age,  germ  cells  and 
follicles  are  depleted  from  the  ovaries,  and  the  ovula¬ 
tory  cycle  ceases,  resulting  in  menopause.  The  peri¬ 


menopausal  period  commences  when  the  first  features 
of  menopause  begin  until  at  least  1  year  after  the  final 
menstrual  period,  generally  lasting  an  average  of  5 
years.  In  humans,  the  transition  to  menopause  is  a  set 
of  gradual  changes,  in  which  ovarian  function,  repro¬ 
ductive  capacity,  and  hormonal  status  are  altered  long 
before  menses  stops  completely.  Menopause  gener¬ 
ally  occurs  between  45  to  55  years  of  age,  and  the 
symptoms  vary  among  women. 

After  menopause,  estrogen  levels  fall,  but  the  go¬ 
nadotropins  including  luteinizing  hormone  and  follicle- 
stimulating  hormone  (FSH)  are  elevated  and  often  even 
higher  than  before  menopause.1  The  incidence  of 
ovarian  cancer  is  highest  in  the  perimenopausal  pe¬ 
riod,  which  supports  the  gonadotropin  stimulation  the¬ 
ory  of  ovarian  cancer  etiology.  Among  the  physiologi¬ 
cal  changes  associated  with  menopause,  the  ovarian 
tissues  undergo  morphological  transformation,  known 
as  ovarian  aging,  and  this  is  implicated  in  the  high 
incidence  of  ovarian  cancer  that  occurs  during  the 
perimenopausal  and  immediate  postmenopausal  peri¬ 
ods.1-4  One  feature  associated  with  ovarian  aging  is 
the  accumulation  of  ovarian  morphological  changes 
such  as  deep  invaginations,  surface  papillomatosis, 
and  inclusion  cysts  (Supplemental  Figure  1 ,  see  http:// 
ajp.amjpathol.org),  which  are  thought  by  some  to  be  the 
histological  precursors  of  ovarian  cancer.3,4 
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The  phenomenon  of  menopause  is  not  restricted  to 
human  females  but  also  occurs  in  laboratory  rats  and 
mice  that  exhibit  postreproductive  lifespan  preceded 
by  a  period  of  gradual  reproductive  decline.  A  naturally 
occurring  mutant,  white  spotting  variant  (Wv)  mice  har¬ 
bor  a  point  mutation  in  the  kinase  domain  of  the  c-kit 
gene,  resulting  in  developmental  defects  in  germ  cells, 
pigment-forming  cells,  red  blood  cells,  and  mast  cells 
in  homozygous  mutant  mice.5-8  The  Wv/Wv  mice  have 
a  similar  lifespan  as  wild  type,  are  sterile,  white  coated 
with  black  eyes,  and  predisposed  to  ovarian  neo¬ 
plasms.9  The  Wv/Wv  homozygous  mice  contain  less 
than  1%  of  the  normal  number  of  oocytes  at  birth,  and 
the  remaining  oocytes  are  depleted  by  ~8  weeks  of 
age.9  Consequently,  ovulation  ceases,  and  an  in¬ 
crease  in  pituitary  gonadotropins  follows  because  of 
the  lack  of  feedback  inhibition  that  is  normally  medi¬ 
ated  through  progesterone  released  from  the  corpora 
lutea.10  The  females  recapitulate  and  exaggerate  the 
postmenopausal  alterations  in  ovarian  morphology  and 
develop  ovarian  tubular  adenomas.9  Elevated  levels  of 
gonadotropins  are  believed  to  be  the  causative  factor 
of  the  ovarian  neoplasm.11,12  The  ovarian  lesions  in  the 
Wv  mice  are  known  as  complex  tubular  adenomas.9 
These  ovarian  tumors  are  generally  benign  and  seldom 
develop  malignant  features.  Nevertheless,  the  caus¬ 
ative  factors,  the  depletion  of  germ  cells,  and  subse¬ 
quent  increase  in  gonadotropins,  mimic  the  condition 
of  perimenopausal  women,  in  which  gonadotropin  lev¬ 
els  are  elevated  and  the  risk  for  ovarian  cancer  is 
highest.13  In  addition,  the  ovarian  lesions  of  the  Wv/Wv 
mice  have  particular  resemblance  to  morphological 
changes  found  in  ovaries  of  women  with  an  increased 
risk  for  ovarian  cancer.  These  changes  include  surface 
papillomatosis,  deep  invaginations,  and  cystadeno- 
mas  and  are  considered  preneoplastic  lesions.  Thus, 
the  Wv/Wv  mice  may  constitute  a  model  to  investigate 
how  ovulation  and  gonadotropin  stimulation  during 
postmenopause  act  as  etiological  factors  in  ovarian 
cancer  development. 

Cyclooxygenase  (Cox)-2,  encoded  by  the  prosta¬ 
glandin  synthase  2  ( ptgs2 )  gene,  is  a  key  downstream 
component  of  gonadotropin-stimulated  signaling  in 
ovulation,  and  Cox-2  knockout  mice  are  anovula¬ 
tory.14-16  The  role  of  Cox-2  in  ovulatory  rupture  of  the 
ovarian  surface  is  similar  to  an  inflammatory  process.17 
Cox-2  is  often  overexpressed  in  human  cancers,18,19 
and  suppression  of  Cox-2  by  either  genetic  or  pharma¬ 
cological  approaches  has  been  shown  to  reduce  colon 
tumor  development  in  mouse  models20-23  and  in  hu¬ 
mans.24  Inhibition  of  Cox  enzymes  by  nonsteroidal 
anti-inflammatory  drugs  also  seems  to  reduce  ovarian 
cancer  risk,25-27  and  a  possible  mechanism  is  that 
inhibition  of  Cox-2  may  reduce  the  cancer-promoting 
activity  of  the  inflammation-like  ovulatory  processes 
that  are  stimulated  by  gonadotropins.28  In  this  study, 
we  investigated  the  role  of  Cox-2  in  the  development  of 
ovarian  tumors  in  the  germ  cell-deficient  Wv  mice, 
which  model  postmenopausal  ovarian  biology. 


Materials  and  Methods 

Generation  and  Genotyping  of  Wv:Cox-2 
Mutant  Mice 

An  inbreeding  colony  was  established  by  crossing 
Wv/+  and  Cox-2  (+/-)  mice  in  the  C57BL/6J  back¬ 
ground  (Jackson  Laboratory,  Bar  Harbor,  ME).  Litter- 
mates  with  Wv/+:Cox-2  (+/-)  genotype  were  further 
intercrossed  to  generate  mutant  and  control  mice  for 
analysis.  The  Wv  genotypes  of  the  resulting  progeny 
were  identified  by  the  coat  color:  white,  gray  with  ven¬ 
tral/dorsal  spots,  or  black  represents  Wv/Wv,  Wv/+,  or 
Wv  (+/+),  respectively.  Cox-2  genotypes  were  verified 
by  polymerase  chain  reaction  (PCR)  analysis  using  the 
genomic  DNA  isolated  from  mouse  tails  with  the  follow¬ 
ing  primers29:  Cox-2  forward:  5'-GCCCTGAATGAAC- 
TGCAGGACG-3'  and  reverse:  S^-ACCTCTGCGATGC- 
TCTTCC-3';  Neo  forward:  5'-GCCCTGAATGAACTGC- 
AGGACG-3'  and  reverse:  5'-CACGGGTAGCCAACG- 
CTATGTC-3'.  PCR  reactions  were  set  up  in  a  25-/xl 
total  volume  with  a  final  concentration  of  2.5  U  of  pla¬ 
tinum  TaqDNA  polymerase  (Invitrogen,  Carlsbad,  CA), 
lx  PCR  buffer  (Invitrogen),  1.5  mmol/L  MgCI2,  0.2 
/xmol/L  primers,  0.2  mmol/L  dNTP  mixtures  (Promega, 
Madison,  Wl),  and  15  to  20  ng  genomic  DNA.  Cycling 
conditions  were  followed  as  that  described  by  the 
Jackson  Laboratory.  In  brief,  the  PCR  reactions  were 
performed  with  35  cycles  consisting  of  melting  at  94°C 
for  30  seconds,  annealing  at  66°C  for  1  minute,  and 
extension  at  72°C  for  1  minute.  At  the  end  of  the  PCR 
reactions,  the  mixtures  were  kept  for  an  additional  2 
minutes  at  7 2°C  and  stored  at  10°C  until  analysis.  PCR 
products  were  resolved  by  electrophoresis  on  a  2% 
agarose  gel  containing  ethidium  bromide.  The 
presence  of  wild-type  and  neo  alleles  corresponds  to 
857-bp  and  500-bp  products,  respectively.  Approxi¬ 
mately  30  to  40%  of  homozygous  Cox-2  mutant  mice 
were  lost  during  the  preweaning  stage  29  and  only 
limited  numbers  (28  females  were  obtained  and  ana¬ 
lyzed  so  far)  of  mice  with  the  Wv/Wv:Cox-2  (-/-)  geno¬ 
types  were  obtained. 


Analysis  and  Quantitation  of  Tumor  Phenotype 

The  ovaries  of  4-  to  5-month-old  mice  with  Wv/Wv,  Wv/ 
Wv:Cox-2  (+/-),  or  Wv/Wv:Cox-2  (-/-)  genotypes  were 
harvested  for  histological  analysis  of  ovarian  tumor  phe¬ 
notype.  The  largest  cross-section  of  an  ovary  was  stained 
with  cytokeratin-8  to  identify  epithelial  components,  and  a 
digital  image  was  recorded.  The  degree  of  tumor  pheno¬ 
type  was  defined  as  the  percentage  of  the  ovary  pene¬ 
trated  by  the  cytokeratin-8-positive  epithelial  tubular 
structure,  which  was  quantitatively  calculated  by  laying  a 
20  x  20  grid  over  the  ovarian  image  to  divide  the  ovary 
into  200  to  300  squares.  Grids  positive  and  negative  for 
internal  epithelial  lesions  were  counted  independently  by 
two  noninvolved  persons  (student  assistants)  and  used  to 
calculate  the  percentage  of  ovaries  infiltrated  by  the  tu¬ 
bular  adenomas. 
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Preparation  of  Ovarian  Lysate  and  Western 
Blotting 

Mouse  ovaries  were  snap-frozen  on  surgical  removal  and 
maintained  at  -80°C  until  the  tissues  were  used  for  pro¬ 
tein  analysis.  To  prepare  ovarian  lysates,  frozen  tissues 
were  homogenized  in  radioimmunoprecipitation  assay 
(RIPA)  buffer  (150  mmol/L  NaCI,  1%  sodium  deoxy- 
cholate,  1%  Triton  X-100,  0.1%  sodium  dodecyl  sulfate, 
10  mmol/L  Tris,  pH  7.2,  100  /x mol/L  sodium  orthovana¬ 
date,  and  50  mmol/L  NaF)  containing  protease  inhibitors 
(Boehringer  Mannheim,  Indianapolis,  IN)  using  a  Mini- 
BeadBeater  (BioSpec  Products,  Bartlesville,  OK)  at  5000 
rpm,  20-second  interval  for  a  total  of  4  minutes.  The 
homogenate  was  centrifuged  at  10,000  x  g  for  10  min¬ 
utes  to  remove  the  particulate  material.  The  protein  con¬ 
centration  in  the  supernatant  was  measured  using  the  DC 
protein  assay  (Bio-Rad,  Hercules,  CA). 

For  Western  blotting,  an  aliquot  of  the  total  ovarian 
lysate  was  separated  by  electrophoresis  on  a  4  to  12% 
gradient  gel  and  electrotransferred  onto  a  polyvinylidene 
difluoride  membrane.  Membranes  were  incubated  with 
antibodies  against  either  Cox-1  or  Cox-2  (Cayman  Chem¬ 
icals,  Ann  Arbor,  Ml),  or  /3-actin  (Sigma,  St.  Louis,  MO) 
followed  by  horseradish  peroxidase-labeled  secondary 
antibodies  (Sigma).  The  signals  were  revealed  using  a 
chemiluminescence  detection  system  (Pierce,  Rockford, 
IL).  Ovarian  lysate  from  Cox-1  (-/-)  mice  (obtained  from 
Dr.  Robert  Langenbach,  Laboratory  of  Experimental  Car¬ 
cinogenesis  and  Mutagenesis,  National  Institute  of  Envi¬ 
ronmental  Health  Sciences,  Research  Triangle  Park,  NC) 
was  used  to  confirm  the  specificity  of  Cox-1  antibodies. 


Immunohistochemistry 

Ovaries  were  fixed  in  buffered  formalin  and  embedded  in 
paraffin.  The  paraffin  blocks  were  cut  into  5-jam-thick 
sections  that  were  placed  on  positively  charged  slides. 
The  sections  were  dewaxed  in  xylene  and  hydrated 
through  graded  ethanol.  Heat-induced  antigen  retrieval 
was  then  performed  in  10  mmol/L  sodium  citrate  (pH  6.0) 
in  a  microwave  initially  at  high-power  setting  (no.  10)  for 
2  minutes  followed  by  low-power  setting  (no.  2)  for  10 
minutes.  The  endogenous  peroxidase  activity  was 
blocked  by  immersing  the  slides  in  3%  H202  in  methanol 
for  15  minutes.  After  30  minutes  of  incubation  with  block¬ 
ing  serum,  slides  were  incubated  with  rat  monoclonal 
anti-Troma-1/cytokeratin-8  antibodies  (Developmental 
Studies  Hybridoma  Bank  from  The  University  of  Iowa, 
Ames,  IA)  at  1:600  dilution,  Cox-2  rabbit  polyclonal  anti¬ 
bodies  (Cayman  Chemical)  at  1 :600  dilution,  Cox-1  rabbit 
polyclonal  antibodies  (Cayman  Chemical)  at  1:500  dilu¬ 
tion,  or  F4/80  rat  polyclonal  antibodies  (Serotec  Ltd., 
Kidlington,  Oxford,  UK)  at  1:200  dilution  at  4°C  overnight 
followed  by  incubating  with  goat  anti-rat  horseradish  per¬ 
oxidase-labeled  secondary  antibodies  (BD  Pharmingen, 
Franklin  Lakes,  NJ)  at  1:100  dilution  for  cytokeratin-8, 
anti-rabbit  labeled  polymer  horseradish  peroxidase 
(DAKO,  Carpinteria,  CA)  at  1:100  dilution,  or  biotinylated 


anti-rat  at  1 :200  dilution  for  F4/80  for  35  minutes  at  room 
temperature.  Diaminobenzidine  was  used  as  the  chromo¬ 
gen  for  the  immunoperoxidase  reaction.  The  slides  were 
counterstained  with  hematoxylin  and  mounted  in  50:50 
xylene/Permount. 

Prostaglandin  E2  Assay 

The  prostaglandin  E2  (PGE2)  level  in  the  ovarian  lysates 
was  measured  using  an  enzyme-immunoassay  kit  (Cay¬ 
man  Chemical).  This  assay  is  based  on  the  competition 
between  PGE2  and  a  PGE2  acetylcholinesterase  conju¬ 
gate  (PGE2  tracer)  for  a  limited  amount  of  PGE2  mono¬ 
clonal  antibodies.  This  antibody-PGE2  complex  binds  to 
goat  polyclonal  anti-mouse  IgG  that  has  been  attached  to 
the  plate.  In  brief,  ovarian  lysates  together  with  enzyme- 
immunoassay  buffer,  PGE2  tracer,  and  antibody  were 
added  into  the  plate.  The  mixtures  were  incubated  at  4°C 
overnight.  The  plates  were  washed  to  remove  the  un¬ 
bound  reagents  and  developed  with  the  Ellman’s  reagent 
(substrate),  and  the  absorption  was  measured  at  41 2  nm. 
The  amount  of  PGE2  in  the  sample  was  determined  from 
a  standard  curve. 


FSH  Assay 

At  the  time  of  sacrifice,  100  to  200  jal  of  sera  were  col¬ 
lected  from  each  animal  and  stored  at  -80°C  until  test¬ 
ing.  The  FSH  level  in  the  serum  was  measured  by  radio¬ 
immunoassay  through  custom  service  from  the  National 
Hormone  and  Peptide  Program,  Harbor-UCLA  Medical 
Center  (Torrance,  CA). 

Drug  Administration 

Four-week-old  female  Wv/Wv  mice,  weighing  —14  g,  were 
randomly  allocated  into  three  groups:  nontreated  control 
(n  =  5),  indomethacin-treated  (n  =  7),  and  celecoxib  (Ce- 
lebrex)-treated  groups  (n  =  8).  Celecoxib  was  adminis¬ 
trated  through  feeding  with  AIN  76A  diet  (Dyets  Inc.,  Beth¬ 
lehem,  PA)  containing  1500  ppm  celecoxib  (Fox  Chase 
Cancer  Center  Pharmacy).  Indomethacin  was  introduced 
through  drinking  water  (6  mg/ml).  During  the  study,  mice 
were  permitted  free  access  to  the  diet  and  drinking  water. 
All  of  the  mice  were  inspected  once  daily  to  monitor  their 
general  health  status.  Body  weight  was  measured  once  per 
week  throughout  the  experiments.  Optimal  dosage  was  es¬ 
timated  to  be  100  jag/day  for  celecoxib  and  30  jag/day  for 
indomethacin.  Dosages  double  these  amounts  resulted  in 
some  toxicity  such  as  reduced  weight  or  activity/alertness  in 
the  female  Wv/Wv  mice.  Mice  were  sacrificed  at  —4  months 
of  age.  Ovarian  tissues  were  collected  and  subjected  to 
histopathological  examination. 

Statistical  Analysis 

Basic  and  standard  analytical  procedures  were  applied 
to  examine  the  statistical  significance  of  the  data.  Differ¬ 
ences  in  proportions  were  evaluated  by  the  x2  or  the 


Xu,  Xiangxi,  Ph.D. 


1328  Yang  et  al 

AJP  April  2007,  Vol.  170,  No.  4 


A  B 


Figure  1.  Development  of  tubular  adenomas  in  Wv/Wv  mice.  Ovarian  mor¬ 
phology  was  compared  between  wild-type  littermates  (A  and  B)  and  Wv/Wv 
(C-H)  mice.  Cytokeratin-8  (Troma-1)  staining  was  used  to  highlight  epithe¬ 
lial  cells.  A:  An  ovary  from  wild-type  control  at  4  months  of  age  and  B:  at 
higher  magnification.  Representative  examples  of  ovaries  from  Wv/Wv  mice 
at  the  age  of  1  month  (C),  2  months  (D),  3  months  (E),  4  months  (F),  5 
months  (G),  and  9  months  (H)  are  shown.  At  least  five  mice  at  each  time 
point  were  examined.  Original  magnifications:  X40  (A,  C— H);  X100  (B). 


Fisher  exact  test,  as  appropriate.  Student’s  f-test  was 
used  to  compare  the  differences  in  means  between  two 
groups.  Statistical  significance  was  considered  as  P  < 
0.05.  All  P  values  are  two-sided. 


Results 

Ovarian  Surface  Epithelia  Undergo 
Morphological  Transformation  and 
Tumorigenesis  in  Wv  Mice 

We  have  maintained  a  colony  of  Wv  mice  by  inbreeding 
for  the  last  3  years.  Of  the  more  than  200  mature  (3 
months  or  older)  Wv/Wv  females  examined,  all  exhib¬ 
ited  ovarian  tubular  adenomas,  whereas  none  were 
observed  in  the  wild-type  littermates.  The  progressive 
changes  in  ovarian  morphology  were  documented, 
and  representative  examples  are  shown  in  Figure  1.  As 
a  comparison,  the  wild-type  ovary  contains  developing 
follicles  of  all  stages  and  multiple  corpora  lutea  (Figure 
1A).  The  surface  epithelia  lining  the  perimeter  of  the 


ovary  are  the  only  cells  positive  for  cytokeratin-8,  a 
marker  of  epithelial  cells.  Higher  magnification  reveals 
the  well-organized  surface  epithelial  cells  and  intersti¬ 
tial  stroma  cells  in  the  ovarian  cortex  (Figure  IB).  In 
Wv/Wv  mice  at  1  month  of  age,  few  follicles  can  be 
observed  in  the  ovary  although  the  cortex  is  still  envel¬ 
oped  by  a  smooth  layer  of  cytokeratin-8-positive  sur¬ 
face  epithelial  cells  (Figure  1C).  We  began  to  observe 
the  presence  of  tubule-like  structures  in  the  ovarian 
cortex  of  the  Wv/Wv  mice  by  2  months  of  age  (Figure 
ID).  By  the  end  of  3  months,  the  entire  ovary  was 
replaced  by  tumorous  lesions.  Positive  staining  for  cy¬ 
tokeratin-8  indicates  the  epithelial  origin  of  the  tubular 
structures  (Figure  IE).  At  4  and  5  months,  the  pheno¬ 
type  of  tubular  adenomas  became  more  complex  as 
shown  by  the  increased  penetration  and  branching  of 
the  epithelial  tubules  (Figure  1 ,  F  and  G),  together  with 
the  appearance  of  scalloping  and  crowding  of  epithe¬ 
lial  cells  into  multiple  cell  layers.  We  have  analyzed  the 
Wv/Wv  ovaries  for  up  to  1  year  of  age  when  the  entire 
ovaries  were  completely  permeated  with  the  tumor 
cells.  The  lesions  are  somewhat  more  complex  and 
intense  in  older  mice,  but  the  tumor  cells  have  not 
further  expanded  into  large  masses  or  acquired  malig¬ 
nant  features  (Figure  1H).  Although  the  ovarian  lesions 
in  the  Wv  mice  distribute  throughout  the  ovarian 
stroma,  and  are  known  as  stromal  tubular  adenomas,9 
the  contiguous  connection  to  ovarian  surface  epithe¬ 
lium  is  evident.  This  is  especially  pronounced  in  cases 
of  early  ovarian  lesions  in  younger  (7  to  10  weeks)  mice 
when  only  a  few  lesions  have  developed.  Obvious 
surface  origination  of  the  epithelial  lesions  can  be  ob¬ 
served  (Figure  2A,  arrow):  the  tubular  structure  is  con¬ 
tiguous  with  the  monolayer  of  the  surface  epithelium 
(Figure  2B).  We  conclude  that  most  if  not  all  of  the 
tubular  adenomas  in  Wv/Wv  ovaries  are  derived  from 
ovarian  surface  epithelial  cells.  The  majority  of  the 
lesions  either  exhibit  inclusion  cyst-like  structures  (Fig¬ 
ure  2C)  or  resemble  surface  deep  invaginations/papil¬ 
lomatosis  (Figure  2D).  Although  dysplastic  morphology 
is  evident  in  some  epithelial  compartments  of  the  tu¬ 
bular  adenomas  (Figure  2,  E  and  F),  the  ovarian  epi¬ 
thelial  tubular  structures  in  the  Wv  mice  are  considered 
benign  tumors  and  the  lesions  are  confined  to  ovarian 
tissues  and  do  not  become  metastatic.  Histopatholog- 
ical  evaluation  also  indicated  their  benign  cytological 
morphologies  without  evident  mitotic  figures.  These 
observations  are  consistent  with  the  notion  that  the 
benign  epithelial  tubular  adenomas  are  caused  by  the 
stimulation  of  the  reproductive  hormones  gonadotro¬ 
pins  rather  than  oncogenic  alterations.  Indeed,  we 
confirmed  that  serum  FSH,  a  key  gonadotropin,  is 
greatly  increased  ( — 1 0-fold)  in  female  Wv/Wv  mice 
(Figure  2G).  The  magnitude  of  FSH  increase  is  very 
similar  to  the  elevation  found  in  menopausal  women.1 
Thus,  it  seems  that  the  Wv/Wv  mouse  model  closely 
mimics  the  changes  in  ovarian  physiology  (follicle  de¬ 
pletion),  endocrine  factor  (hormonal  increase),  and 
ovarian  pathology  (morphological  changes)  in  meno¬ 
pausal  women.  In  the  investigation  of  potential  ovarian 
mediators  of  gonadotropins,  we  found  that  ovarian 


Xu,  Xiangxi,  Ph.D. 


Cox-2  Reduction  Counters  Ovarian  Tumors  1329 

AJP  April  2007,  Vol.  170,  No.  4 


Figure  2.  Ovarian  morphological  and  physiological  changes  in  Wv/Wv  mice.  Ovarian  tissues  were  harvested  and  subjected  to  histological  analysis.  Cytokeratin-8 
staining  was  used  as  a  marker  for  epithelial  cells.  A:  An  example  of  an  ovary  from  a  7-week-old  Wv/Wv  mouse  is  shown  for  the  surface  epithelial  origin  of  the 
tubular  adenoma  structure.  The  arrow  indicates  the  contiguous  links  between  surface  epithelium  and  the  tubular  epithelial  structure,  which  are  stained  for 
cytokeratin-8,  and  the  area  is  shown  at  a  higher  magnification  in  B.  C  and  D:  Two  representative  examples  of  tubular  adenomas;  and  E  and  F:  two  examples  of 
dysplastic  epithelial  cells  from  ovarian  tubular  adenomas  of  4-month-old  Wv/Wv  mice.  G:  Serum  was  collected  from  four  each  of  wild-type  and  Wv/Wv 
4-month-old  female  mice  to  determine  FSH  levels  in  triplicate.  Averages  of  triplicate  with  SDs  are  shown.  Two-sided  Student’s  /-test  indicates  the  difference  is 
statistically  significant  CP  <  0.001).  H  and  I:  Ovaries  (n  =  10)  from  five  female  mice  each,  of  either  Wv/Wv  or  wild-type  littermates  at  4  months  of  age,  were 
collected,  dissected  to  remove  the  surrounding  fat  tissues,  and  pooled.  The  tissues  were  homogenized  in  RIPA  buffer,  and  the  lysate  was  used  for  measurement 
of  Cox-2  protein  by  Western  blot  (H)  and  PGE2  level  by  ELA  (I).  Actin  level  was  used  as  a  protein  loading  control  in  Western  blotting.  Averages  of  triplicate  with 
SDs  are  shown  for  PGE2  levels.  Two-sided  Student’s  /-test  indicates  the  difference  is  statistically  significant  CP  <  0.001).  Examples  of  ovarian  morphology  are 
shown  by  H&E  staining  in  Supplemental  Figure  2  (see  http://ajp.amjpathol.org).  Original  magnifications:  X40  (A);  X200  (B-F). 


Cox-2  protein  levels  are  dramatically  increased  in 
Wv/Wv  mice  compared  with  those  of  control  littermates 
(Figure  2H).  Accordingly,  the  ovarian  PGE2  level  is 
threefold  to  fivefold  higher  in  Wv/Wv  mice  (Figure  21). 

Wv  Mouse  Tumor  Phenotype  Is  Suppressed  by 
a  Reduction  of  Cox-2  Gene  Dosage 

We  investigated  whether  Cox-2  plays  a  role  in  the 
formation  of  tubular  adenomas  in  Wv  mice  in  which  the 
elevated  gonadotropins  likely  stimulate  Cox-2  expres¬ 
sion.  Cox-2  deficiency  was  introduced  into  the  Wv 
mouse  colony  by  crossing  Wv/+  with  Cox-2  (+/-) 
mice,  and  a  new  inbred  colony  was  established  by 


crossing  Wv/+:Cox-2  (+/-)  siblings.  Progenies  ho¬ 
mozygous  for  Wv  and  all  genotypes  of  Cox-2,  (+/+), 
(+/-),  or  (-/-),  were  examined  for  ovarian  morphol¬ 
ogy  at  ~4  months  of  age  (Figure  3),  when  the  tubular 
adenoma  phenotype  seems  to  be  fully  presented  and 
fairly  uniform  in  the  Wv/Wv  mice.  The  ovarian  tubular 
adenoma  phenotype  in  the  70  Wv/Wv:Cox-2  (+/+) 
mice  produced  in  this  colony  was  essentially  identical 
to  that  found  in  more  than  200  female  mice  of  the 
original  colony  before  introduction  of  the  Cox-2  muta¬ 
tion:  all  of  the  ovaries  exhibited  severe  complex  tubular 
adenomas  that  permeated  the  entire  organ.  We  ob¬ 
served  a  significant  alleviation  of  ovarian  lesions  in  the 
Wv/Wv:Cox-2  (+/-)  ovaries  analyzed  (Figure  3,  D-F), 
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Figure  3.  Rescue  of  Wv/Wv  mouse  ovarian  tubular  adenoma  pheno¬ 
type  by  the  Cox-2  knockout.  The  ovarian  morphology  from  littermates 
of  the  Wv  and  Cox-2  knockout  inbred  colony  was  compared.  Cytokera- 
tin-8  (Troma-1)  staining  was  used  to  identify  epithelial  cells.  Representa¬ 
tive  examples  of  ovaries  from  4.5-month-old  mice  of  Wv/Wv: Cox-2 
(— /— )  (A— C)  and  Wv/Wv:Cox-2  (+/— )  (D— F)  genotypes  are  shown.  The 
image  shown  in  A  is  the  example  of  ovary  (n  =  10)  from  Wv/Wv: Cox-2 
(— /— )  mice  with  significant  reduction  in  ovarian  lesions.  G:  The  degree 
of  tumor  involvement  of  each  ovary  was  estimated  and  the  distribution  is 
plotted,  n  indicates  the  number  of  ovaries  analyzed.  The  mean  value  for 
ovarian  tumor  involvement  is  0%  for  wild  type,  93%  for  Wv/Wv,  32% 
for  Wv/Wv:Cox-2  (+/—),  and  70%  for  Wv/Wv:Cox-2  (— /— )  genotypes. 
Student’s  Mests  showed  P  <  0.005  for  Wv/Wv  versus  Wv/Wv:Cox-2 
(+/—),  and  P  <  0.05  for  Wv/Wv  versus  Wv/Wv:Cox-2  (—/—),  indicating 
a  statistically  significant  difference.  The  difference  between  Wv/Wv: Cox-2 
(+/— )  and  Wv/Wv:Cox-2  (— /— )  also  is  statistically  significant  (P  < 
0.001).  Examples  of  ovarian  morphology  are  shown  by  H&E  staining 
in  Supplemental  Figure  3  (see  http://ajp.amjpathol.org).  Original 
magnifications,  X40. 


although  the  degree  to  which  the  tumor  phenotype  was 
suppressed  varied  greatly  (Figure  3G).  Some  ovaries 
completely  lacked  epithelial  tubular  structures  inside 
the  cortex  (Figure  3,  D  and  F),  and  some  contained 
only  a  small  number  of  epithelial  tubular  structures 
(Figure  3E).  Unlike  wild-type  ovaries,  these  Wv/Wv: 
Cox-2  (+/-)  ovaries  lacked  apparent  follicles  or  cor¬ 


pora  lutea.  Thus,  hemizygous  reduction  of  the  Cox-2 
gene  resulted  in  a  complete  (Figure  3,  D  and  F)  or 
partial  (Figure  3E)  rescue  from  the  epithelial  adenoma 
phenotype.  Unexpectedly,  of  the  10  ovaries  from  mice 
of  Wv/Wv:Cox-2  (-/-)  genotype,  only  three  ovaries 
exhibited  a  significant  (50%  area)  reduction  in  the  tu¬ 
bular  adenoma  phenotype  (Figure  3,  A  and  G).  All 
other  ovaries  showed  ovarian  morphology  indistin¬ 
guishable  from  that  of  Wv/Wv:Cox-2  (+/+)  genotype 
(Figure  3,  B  and  C).  The  mean  value  for  the  area  of  the 
ovary  covered  by  lesions  is  93%  for  Wv/Wv,  32%  for 
Wv/Wv:Cox-2  (+/-),  and  70%  for  Wv/Wv:Cox-2  (-/-) 
genotypes  (Figure  3G).  Thus,  a  reduction  in  Cox-2 
gene  dosage  rescued  the  ovarian  epithelial  morpho¬ 
logical  alteration,  but  deletion  of  both  copies  was  less 
sufficient  in  reversing  the  adenoma  phenotype  in 
Wv/Wv  mice. 

Cox-2-Null  Deletion  Causes  a  Compensatory 
Increase  in  Cox- 1  Expression  in  Ovaries 

Measurement  of  prostaglandin  levels  in  ovaries  of  these 
mice  showed  that  Wv/Wv  mice  exhibited  an  increase  of 
ovarian  PGE2  (Figure  4A)  and  Cox-2  (Figure  4B)  levels 
over  the  wild-type  littermates,  to  4.2-  and  2.1 -fold,  re¬ 
spectively.  The  expression  of  the  Cox-1  protein  was  also 
elevated  over  that  of  wild  type  (3.5-fold).  This  increase  in 
the  Cox-1  level  is  unexpected  because  it  is  commonly 
accepted  that  Cox-1  is  a  housekeeping  gene  and  gen¬ 
erally  not  regulated  30  However,  Cox-1  expression  was 
previously  found  increased  in  human  ovarian  cancer31,32 
and  in  ovarian  tumors  found  in  a  variety  of  mouse  ovarian 
cancer  models  33 

Ablation  of  one  allele  of  Cox-2  lowered  the  amount  of 
PGE2  produced  in  the  ovaries  by  45%  (compare  Wv/Wv: 
Cox-2  (+/-)  to  Wv/Wv)  (Figure  4A).  The  prostaglandin 
level  in  Wv/Wv:Cox-2  (-/-)  mice  was  higher  than  that  of 
Wv/Wv:Cox-2  (+/-)  and  similar  to  that  of  Wv/Wv  mice 
(Figure  4A).  The  ovarian  Cox-1  protein  amount  in  Wv/Wv: 
Cox-2  (-/-)  was  determined  to  be  2.8-fold  of  those  in 
Wv/Wv  or  Wv/Wv:Cox-2  (+/-)  mice  (Figure  4C).  Presum¬ 
ably,  the  Cox-2  homozygous  deletion  causes  a  compen¬ 
satory  increase  in  Cox-1  and  total  prostaglandin  level. 
The  Cox-1  compensation  was  also  observed  in  non-Wv 
Cox-2-null  mice  (Figure  4,  D  and  E).  In  the  ovarian  ex¬ 
tract,  the  PGE2  level  was  increased  25%  in  Cox-2  ho¬ 
mozygous  knockout  mice,  although  ovarian  PGE2  was 
20%  less  in  Cox-2  hemizygous  mice  (Figure  4D).  Accord¬ 
ingly,  ovarian  Cox-1  protein  was  increased  2.1 -fold  in 
Cox-2  (-/-)  mice  but  remained  unchanged  in  Cox-2 
(+/-)  mice  (Figure  4E).  The  expression  of  Cox-1  and 
Cox-2  was  analyzed  by  immunostaining  in  wild-type  and 
Wv/Wv  ovaries  (Figure  4F).  Weak  Cox-1  staining  distrib¬ 
uted  evenly  throughout  the  wild-type  ovary,  and  Cox-2 
staining  was  observed  in  stromal  and  follicular  cells  but 
not  in  surface  epithelial  cells.  In  Wv/Wv  ovaries,  both 
epithelial  and  stromal  cells  stained  strongly  for  Cox-1  and 
Cox-2  (Figure  4F). 

We  studied  the  epithelial  and  stromal  compartments  to 
determine  whether  tumor  phenotype  and  Cox-2  expres- 
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Figure  4.  Ovarian  PGE2,  Cox-1,  and  Cox-2  levels  in  Wv  and  Cox-2  mutant  mice.  Ovaries  (n  =  4  to  10)  from  female  mice,  of  either  Cox-2  (—/—),  Cox-2  (+/—), 
Wv/Wv,  Wv/Wv:Cox-2  (+/—),  or  wild-type  littermates  at  4  months  of  age  were  collected  and  pooled.  The  tissues  were  homogenized  in  RIPA  buffer,  and  the  lysate 
was  used  for  measurement  of  PGE2  level  by  EIA.  Relative  values  compared  with  wild  type  (WT)  are  reported  as  the  percentage  of  the  wild-type  control,  which 
is  3.4  pg/fJLg  protein.  A:  Three  experiments  were  performed  to  obtain  the  representative  result,  and  the  averages  of  triplicate  with  SDs  are  shown.  Two-sided 
Student’s  £-test  indicates  the  difference  is  statistically  significant  for  the  comparisons  between  WT  and  Wv/Wv  (P  <  0.0001),  WT  and  Wv/Wv:Cox-2  (+/— )  (P  < 
0.001),  WT  and  Wv/Wv:Cox-2  (-/-)  CP  <  0.0028),  Wv/Wv  and  Wv/Wv:Cox-2  (+/-)  (P  <  0.0001),  and  Wv/Wv:Cox-2  (+/-)  and  Wv/Wv:Cox-2  (-/-)  (P  < 
0.0002),  but  the  difference  does  not  reach  statistical  significance  comparing  Wv/Wv  and  Wv/Wv:Cox-2  (— /— )  (P  >  0.12).  B:  Cox-1  and  Cox-2  proteins  in  the 
ovarian  lysate  from  a  pool  of  10  ovaries  of  each  genotype  were  determined  by  Western  blot  with  actin  as  loading  control.  C:  One  of  two  representative  experiments 
was  shown  for  the  determination  Cox-1  protein  from  two  ovaries  (one  mouse)  by  Western  blot.  Ovarian  lysate  from  a  Cox-1  (— /— )  mouse  was  used  for  control 
for  the  specificity  of  the  anti-Cox- 1  antibodies.  *Nonspecific  protein  band  that  served  as  a  protein  loading  control.  D  and  E:  Ovaries  (n  =  10)  from  five  mice  each 
of  either  Cox-2  (—/—),  Cox-2  (+/—),  or  wild-type  (WT)  littermates  at  4  months  of  age  were  collected  for  PGE2  assays  (D)  and  Western  blot  analysis  for  Cox-1 
and  Cox-2  proteins  with  actin  as  a  loading  control  (E).  Two-sided  Student’s  West  indicates  the  differences  between  the  PGE2  levels  are  statistically  significant 
comparing  WT  and  Cox-2  (+/— )  (P  <  0.02)  or  WT  and  Cox-2  (— /— )  (P  <  0.04).  F:  Ovaries  from  wild-type  and  Wv/Wv  genotypes  were  stained  for  Cox-1  or 
Cox-2,  ose,  ovarian  surface  epithelial;  s,  stroma;  f,  follicle.  Original  magnifications,  X200. 


sion  correlated  with  inflammation  in  the  ovaries.  Infiltra¬ 
tion  of  neutrophils  and  eosinophilic  cells  was  rarely  ob¬ 
served  in  Wv  mouse  ovaries  and  tumors,  and  no 
evidence  of  acute  inflammation  was  found.  We  also  ex¬ 
amined  macrophage  density  that  associates  with  chronic 
inflammation  by  staining  for  the  F4/80  marker  (Figure  5,  A 
and  B).  F4/80  staining  indicated  a  robust  increase  in  the 
appearance  of  macrophages  in  the  tumorous  Wv/Wv 
ovaries  over  those  of  the  wild-type  littermates  (Figure  5A). 
Consistently,  the  macrophage  number  was  reduced  in 
the  recovered  ovaries  of  Wv/Wv:Cox-2  (+/-)  genotype 


but  not  of  the  Wv/Wv:Cox-2  (-/-)  genotype  (Figure  5,  A 
and  C).  Moreover,  in  nontumorous  wild-type  and  Cox-2 
(-/-)  ovaries,  macrophages  were  distributed  in  the  cor¬ 
tex  and  stromal  compartments  but  were  absent  in  or  near 
epithelial  cells.  In  the  ovarian  tumors  from  Wv/Wv  mice, 
macrophages  often  infiltrated  into  the  epithelia  (Figure 
5B,  red  arrow).  The  relative  macrophage  density  was 
quantitated  as  shown  in  Figure  5C.  The  correlation  of 
macrophage  density  with  tumor  phenotypes  suggests 
that  inflammatory  reactions  promote  the  tubular  adenoma 
development  in  Wv  ovaries. 
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Figure  5.  Ovarian  macrophage  density  in  Wv  and  Cox-2  mutant  mice.  A:  Macrophages  were  identified  by  staining  with  F4/80.  B:  Examples  of  a  higher 
magnification  of  ovaries  stained  with  the  F4/80  macrophage  marker  are  shown.  The  arrow  indicates  macrophages  infiltrating  epithelia.  C:  Macrophage  density 
was  quantitated  by  counting  five  fields  each  of  three  ovaries  from  each  genotype.  Averages  of  five  countings  with  SDs  are  shown.  Student’s  /-test  indicates  that 
macrophage  numbers  are  not  statistically  significant  between  WT,  Cox-2  (—/—),  and  Wv/Wv:Cox-2  (+/— )  (P  >  0.05),  but  when  the  values  of  these  three 
genotypes  compared  with  those  of  Wv/Wv  or  Wv/Wv:Cox-2  (—/—),  the  difference  is  statistically  significant  (P  <  0.001).  Original  magnifications:  X40  (A);  X200 
(B). 


Pharmacological  Inhibitors  of  Coxs  Effectively 
Prevent  Ovarian  Epithelial  Transformation  and 
Tumorigenesis 

We  then  tested  whether  the  effect  of  reducing  the  Cox-2 
gene  dosage  on  ovarian  tumor  phenotype  can  be 
achieved  by  using  pharmacological  agents.  Based  on 
previous  studies  and  our  own  toxicity  study  specifically  in 
Wv/Wv  female  mice,  nontoxic  dosages  of  celecoxib,  a 
Cox-2-specific  inhibitor,  and  indomethacin,  a  nonselec- 


tive  COX  inhibitor,  were  determined  to  be  200  and  30 
/xg/day,  respectively.  When  the  Wv/Wv  female  mice  re¬ 
ceived  these  inhibitors  starting  at  4  weeks  of  age,  a 
significant  reduction  in  tumor  phenotype  was  observed  at 
the  age  of  3  months  in  all  ovaries,  and  some  ovaries  were 
devoid  of  tubular  adenomas  (Figure  6).  In  three  of  eight 
Wv/Wv  mice,  celecoxib  feeding  prevented  the  ovarian 
tumor  phenotype;  and  in  the  indomethacin-treated  group, 
five  of  seven  mice  were  rescued.  All  ovaries  of  the  five 
control  Wv/Wv  littermates  that  were  maintained  identically 
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No  drug  control: 
no  tumors:  0/5 

+  Celebrex: 
no  tumors:  3/8 

+  Indomethacin 
no  tumors:  5/7 

Figure  6.  Rescue  of  Wv/Wv  mouse  ovarian  tubular  adenoma  phenotype  by  celecoxib  (Celebrex)  and  indomethacin  administration.  The  representative  ovarian 
morphology  from  Wv/Wv  mice  controls  (A)  and  those  fed  with  celecoxib  (B)  or  indomethacin  (C)  was  compared.  Cytokeratin-8  (Troma-1)  staining  was  used  to 
identify  epithelial  cells.  The  P  values  generated  from  the  x2  test  (°r  Fisher’s  exact  test)  are  0.2308,  0.0278,  and  0.3147,  respectively,  for  the  comparisons  between 
celecoxib  treatment  versus  control,  indomethacin  treatment  versus  control,  and  celecoxib  versus  indomethacin  treatment.  Thus  in  this  experiment  only  the 
difference  between  indomethacin  treatment  versus  control  reaches  statistical  significance.  One  example  of  wild  type  and  two  examples  of  treatment  with  celecoxib 
and  indomethacin  are  shown.  Original  magnifications,  X40. 


but  did  not  receive  inhibitors  showed  ovarian  tubular 
adenomas.  Only  the  comparison  between  controls  and 
indomethacin-treated  mice  in  this  experiment  reaches 
statistical  significance.  However,  considering  that  ovar¬ 
ian  tumors  were  found  in  all  of  the  more  than  300  Wv 
female  mice  analyzed  previously,  the  observed  reduction 
in  tumor  development  by  both  celecoxib  and  indometh¬ 
acin  is  likely  significant.  Thus  in  this  preliminary  study 
including  only  a  small  number  of  animals,  we  found  that 
Cox  inhibitors  are  able  to  prevent  ovarian  epithelial  mor¬ 
phological  transformation  and  tumor  phenotypes.  Inhibi¬ 
tion  of  both  Cox-1  and  Cox-2  with  indomethacin  seems 
more  effective  than  inhibition  of  Cox-2  alone  with  cele¬ 
coxib,  but  the  difference  did  not  reach  statistical  signifi¬ 
cance.  The  number  of  animals  used  in  these  experiments 
is  relatively  small,  and  additional  confirmation  is  needed. 
When  indomethacin  was  given  for  a  period  of  1  month  to 
Wv/Wv  mice  at  3  months  of  age  when  ovarian  tumors 
were  already  established,  the  tumors  were  not  reduced 
compared  with  controls  (not  shown),  suggesting  inhibi¬ 
tion  of  Coxs  prevents  the  development  of  ovarian  tumors 
but  has  no  suppressive  effect  on  established  tumors. 


Discussion 

In  the  present  study,  we  demonstrate  that  a  reduction  of 
Cox-2  gene  dosage  rescued  the  ovarian  aging  pheno¬ 
type  of  the  Wv/Wv  mice,  whereas  homozygous  deletion  of 


Cox-2  gene  was  less  effective  in  reducing  the  formation 
of  these  epithelial  lesions  in  the  ovaries  because  Cox-2 
elimination  was  accompanied  by  an  increase  in  ovarian 
Cox-1  expression  and  PGE2  synthesis.  The  tumor  pheno¬ 
type  was  also  reduced  by  the  use  of  pharmacological 
agents  to  inhibit  Cox-1  and/or  Cox-2.  These  findings  sug¬ 
gest  that  increased  Cox-1/Cox-2  activity  contributes  to 
the  preneoplastic  morphological  changes  of  the  ovarian 
surface  epithelium,  and  the  tumor  phenotype  can  be 
reversed  by  a  reduction  of  Cox  gene  dosage  either  by 
genetic  or  pharmacological  approaches.  The  results  sug¬ 
gest  the  inflammatory  environment  of  the  germ  cell- 
depleted  ovaries  stimulates  epithelial  morphological 
changes  and  tumor  development,  and  this  circumstance 
provides  an  excellent  example  of  how  inflammation  pro¬ 
motes  cancer.  This  study  provides  a  model  to  study  the 
links  between  reproductive  factors,  inflammation,  and 
ovarian  tumor  development. 

Inflammatory  Environment  in  Postmenopausal 
Ovaries 

The  link  between  inflammation  and  cancer  is  well  recog¬ 
nized:  chronic  inflammation  induced  by  infections  or 
other  chemical  and  pathological  factors  creates  an  in¬ 
flammatory  microenvironment  in  the  tissue,  which  is  com¬ 
posed  of  epithelial  cells,  stromal  cells,  leukocytes,  and 
macrophages.  These  cells  are  networked  by  autocrine 


1334  Yang  et  al 

AJP  April  2007,  Vol.  170,  No.  4 


Xu,  Xiangxi,  Ph.D. 


and  paracrine  interactions  mediated  by  proinflammatory 
cytokines  such  as  tumor  necrosis  factor-a  and  interleu- 
kin-/3  34,35  Signal  pathways  involving  nuclear  factor-KB, 
tumor  necrosis  factor-a,  and  Coxs  are  known  to  be  in¬ 
volved  in  both  inflammation  and  cancer.  The  inflamma¬ 
tory  mediators  such  as  proteolytic  enzymes,  prostaglan¬ 
dins,  and  diverse  reactive  oxygen  and  nitrogen  species 
create  a  tumor-promoting  environment  in  which  trans¬ 
formed  (altered  by  either  genetic  or  epigenetic  means) 
epithelial  cells  thrive  and  are  selected  to  expand  34,35 
Coxs,  Cox-1  and/or  Cox-2,  play  crucial  roles  in  regulation 
of  inflammation  and  are  thought  to  be  targets  of  the 
anti-inflammatory  activity  of  nonsteroidal  anti-inflamma¬ 
tory  drugs  for  cancer  prevention.18,19,23 

Gene  knockout  mice  suggest  that  both  Cox-1  and 
Cox-2  are  dispensable  for  development  and  have  verified 
the  role  of  Cox-1  and  Cox-2  in  inflammation  that  counters 
host  infection  by  microorganisms.29,30  Another  estab¬ 
lished  physiological  function  for  Cox  activity  is  in  repro¬ 
duction,  especially  ovulation,14-16  which  is  considered 
an  inflammatory-like  process.17  Ovarian  Cox-2  is  induced 
by  the  periodical  surge  of  gonadotropins  and  plays  an 
important  and  necessary  role  in  the  proteolysis  and  tissue 
remodeling  that  precedes  the  ovulatory  rupture  of  the 
follicle  and  ovarian  surface  to  release  the  ova.36  The 
elevated  gonadotropin  level  in  postmenopause,  although 
it  does  not  cause  ovarian  surface  rupture  as  in  ovulation, 
still  stimulates  the  ovulation-like  inflammatory  process 
and  Cox  expression.28  The  Wv  mouse  model  simulates 
the  postmenopausal  ovarian  inflammatory  conditions  as 
indicated  by  the  increased  expression  of  ovarian  Cox-1 
and  Cox-2  and  macrophage  infiltration. 

We  propose  that  this  ovarian  inflammatory  environment 
promotes  tissue  remodeling  and  perturbation  or  disrup¬ 
tion  of  epithelial  structure,  leading  to  epithelial  morpho¬ 
logical  transformation  and  the  development  of  the  ovarian 
tubular  adenomas  in  the  Wv  mice.  This  mechanism  may 
explain  gonadotropin  stimulation  as  an  etiological  factor 
for  an  increased  ovarian  cancer  risk.  The  ovarian  tumor  in 
Wv  mouse  also  represents  a  unique  model  in  which  a 
physiological  inflammatory  environment  promotes  tumor 
development. 

Germ  Cell-Deficient  Wv  Mice  as  Models  for 
Reproductive  Factors  in  Ovarian  Cancer 
Etiology 

Although  the  ovarian  tumors  may  invade  adjacent  tissues 
and  fat  pads  at  later  stages,9  we  have  not  observed  any 
shedding  of  tumor  cells  and  the  formation  of  ascites  in  Wv 
mice.  Although  the  ovarian  tubular  adenomas  are  derived 
from  ovarian  surface  epithelial  cells,  the  histology  of  the 
tumors  differs  from  human  epithelial  ovarian  cancer. 
Thus,  the  Wv  mouse  is  not  a  model  for  human  malignant 
epithelial  ovarian  cancer. 

Nevertheless,  the  ovarian  epithelial  morphological 
transformation  in  Wv  mice  resembles  ovarian  morpholog¬ 
ical  changes  associated  with  reproductive  aging  and 
perimenopausal  gonadotropin  stimulation.  Most  likely, 
the  Wv  mouse  model  mimics  certain  biological  aspects  of 


ovarian  cancer  risk  associated  with  menopause  and  go¬ 
nadotropin  stimulation.  The  ovarian  tumors  in  Wv  mice 
are  associated  with  excessive  hormonal  stimulation  but 
lack  genetic  mutations  that  are  commonly  found  in  hu¬ 
man  ovarian  cancer,  such  as  Ras  and  B-Raf  mutations  in 
borderline  tumors,  p53  mutations  in  malignant  ovarian 
cancer,  and  pten  mutations  in  the  endometrial  subtype  of 
ovarian  carcinomas  37  In  the  last  few  years,  a  number  of 
technical  breakthroughs  have  led  to  the  establishment 
of  several  mouse  models  for  ovarian  cancer.  First,  a 
genetically  defined  model  of  ovarian  cancer  was  estab¬ 
lished  by  Orsulic  and  colleagues  38  in  which  mouse  ovar¬ 
ian  surface  epithelial  cells  were  transfected  with  defined 
genetic  changes  such  as  k-Ras,  v-Akt,  v-myc,  and  so 
forth.  The  cells  were  then  reimplanted  into  the  ovarian 
bursa  and  malignant  ovarian  tumors  developed.  Using 
the  MIS  II  R  promoter,  a  mainly  ovarian-restricted  tran¬ 
script,  Connolly  and  colleagues39  developed  the  T-anti- 
gen  transgenic  line  that  develops  malignant  bilateral 
ovarian  tumors.  Presumably,  T-antigen  expression  results 
in  the  inactivation  of  both  p53  and  Rb.  Indeed,  using 
adenoviral  delivery  of  ere  to  ovaries  of  mice  with  floxed 
p53  and  Rb,  Flesken-Nikitin  and  colleagues40  demon¬ 
strated  the  development  of  malignant  ovarian  tumors 
when  both  p53  and  Rb  are  deleted.  Most  recently,  mice 
with  conditional  expression  of  K-ras  and  deletion  of  pten 
in  ovarian  surface  epithelial  cells  were  found  to  develop 
endometriosis  and  endometrioid  carcinomas  41  Because 
both  mutations  are  present  in  endometriosis  and  endo¬ 
metrioid  ovarian  cancer  in  humans,  this  model  seems  to 
recapitulate  the  genotype  and  histomorphology  associ¬ 
ated  with  the  human  disease.  There  are  likely  additional 
ovarian  cancer  animal  models  that  are  not  mentioned 
here.  These  genetic  models  have  provided  persuasive 
evidence  for  the  relevance  of  these  mutations  in  ovarian 
carcinogenesis  but,  nevertheless,  have  not  yet  incorpo¬ 
rated  components  related  to  the  etiology  of  ovarian 
cancer. 

To  reconcile  the  ovarian  etiology  related  to  gonadotro¬ 
pin  stimulation  and  postmenopausal  biology  with  genetic 
mutations  in  the  development  of  ovarian  cancer,  it  may 
be  proposed  that  the  postmenopausal  gonadotropin 
stimulated  epithelial  proliferation  and  morphological 
transformation  may  select  and  promote  the  expansion  of 
cells  with  genetic  mutations.  Mice  with  a  p53  mutation 
alone  do  not  develop  ovarian  epithelial  tumors,  even 
when  ovaries  with  mutant  p53  are  transplanted  into  wild- 
type  hosts  to  bypass  the  development  of  sarcomas  and 
lymphomas  in  the  p53  mutant  background.42  As  a  pre¬ 
diction,  if  additional  genetic  mutations  (such  as  a  p53 
mutation)  are  added  to  the  Wv/Wv  females,  malignant 
ovarian  carcinomas  may  develop.  Preliminary  results  of 
these  experiments  in  our  laboratory  are  very  suggestive, 
but  a  thorough  analysis  of  these  mice  with  compound 
genetic  mutations  will  take  its  course. 


Implication  of  the  Cox-2  Gene  Dosage  Effect 

Unexpectedly,  a  reduction  of  Cox-2  gene  dosage  by 
heterozygous  deletion  is  more  effective  than  homozy- 
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gous  deletion  in  preventing  the  ovarian  epithelial  morpho¬ 
logical  change  and  the  formation  of  tubular  adenomas  in 
Wv/Wv  mice.  This  seems  attributable  to  a  compensatory 
increase  in  ovarian  Cox-1  when  Cox-2  is  completely  elim¬ 
inated.  Although  a  compensation  between  the  expres¬ 
sion  of  Cox-1  and  Cox-2  was  not  observed  in  Cox-2  gene 
knockout  mice  initially,14,29  it  has  since  been  noted,43 
and  Cox-1  can  substitute  for  Cox-2  in  ovulation  in  certain 
genetic  backgrounds  44  Thus,  the  roles  of  both  Cox-1 
and  Cox-2  in  promoting  ovarian  tumor  development  sug¬ 
gest  drugs  that  inhibit  both  Coxs  may  be  more  effective 
than  specific  inhibitors  of  Cox-2  in  reducing  the  develop¬ 
ment  of  ovarian  tumors. 

Moreover,  a  reduction  of  the  Cox-2  gene  copy  number 
is  sufficient  to  reduce  the  ovarian  tumor  phenotype  in  the 
Wv  mice  is  unique,  because  reduction  of  one  gene  copy 
number  seldom  shows  a  phenotype  in  gene  knockout 
mice.  This  dosage-dependent  effect  of  Cox-2  in  promot¬ 
ing  ovarian  tumor  development  may  have  crucial  impli¬ 
cations  in  strategies  using  inhibitors  as  preventive  agents 
for  ovarian  cancer.  It  suggests  that  the  use  of  a  low 
dosage  of  the  drugs  to  reduce  Cox-2  (and  Cox-1 )  activity, 
rather  than  a  complete  suppression  of  the  activity,  may 
be  sufficient  to  reduce  tumor  incidence. 

Interestingly,  Cox-1 ,  instead  of  Cox-2,  was  found  to  be 
overexpressed  in  human  ovarian  cancer  cancer.31,32  The 
increased  Cox-1  expression  was  observed  in  several 
mouse  ovarian  tumor  models  models,33  and  we  also 
found  that  Cox-1  is  increased  in  Wv  mouse  ovarian  tu¬ 
mors.  Thus,  Cox-2  may  be  important  in  tumor  initiation, 
and  Cox-1  increase  may  be  important  for  progression 
and  malignancy. 

In  summary,  this  study  indicates  that  inhibition  of  Coxs 
reduces  the  morphological  perturbation  of  ovarian  sur¬ 
face  epithelium  induced  by  increased  gonadotropins  in 
Wv  mice,  which  model  postmenopausal  ovarian  biology, 
and  provides  further  rationale  and  support  for  the  use  of 
nonsteroidal  anti-inflammatory  drugs  and  specific  Cox-1 
and/or  Cox-2  inhibitors  for  ovarian  cancer  prevention  in 
peri-  and  postmenopausal  women.  In  parallel,  we  found 
that  in  human  ovaries,  peri-  and  postmenopausal  age  is 
the  key  determinant  of  ovarian  surface  epithelial  preneo¬ 
plastic  morphological  changes  in  populations  with  and 
without  BRCA  mutations.2  Thus,  the  circumstances  in  Wv 
mice  are  highly  pertinent  to  menopausal  women  in  both 
biology  and  pathology.  The  findings  that  a  reduction 
instead  of  complete  inhibition  of  Cox-2  is  effective  in  the 
suppression  of  ovarian  epithelial  lesions  and  that  a 
compensatory  mechanism  between  the  expression  of 
Cox-1  and  Cox-2  may  offer  new  strategies  for  clinical 
intervention. 


Acknowledgments 

We  thank  Dr.  Beatrice  Mintz  for  her  advice  about  the  use 
of  Wv  mice  as  a  model  for  germ  cell-deficient  pheno¬ 
types;  Drs.  Luis  Dubeau,  S.K.  Dey,  Allan  Spradling,  and 
Jinsong  Liu,  and  the  laboratory  members,  Drs.  Dong-Hua 
Yang,  Callinice  D.  Capo-chichi,  and  Corrado  Caslini  for 
their  comments,  discussion,  and  suggestions  about  the 


ovarian  phenotypes  in  Wv  mice  during  the  course  of  this 
work;  Dr.  Christopher  J.  Watson  for  his  help  and  advice  in 
the  use  of  Cox-2-deficient  mice;  Malgorzata  Rula  and 
Cory  Staub  for  their  technical  assistance;  Ms.  Patricia 
Bateman  for  her  excellent  secretarial  assistance;  and 
Jackie  Valvardi  of  the  Fox  Chase  Cancer  Center  Labora¬ 
tory  Animal  Facility,  Cass  Renner  and  Fangping  Chen  of 
the  Pathology  Facility,  and  Dr.  Cynthia  Spittle  of  the 
Genotyping  Facility  for  their  technical  assistance. 


References 

1 .  Gosden  RG:  Biology  of  Menopause:  The  Causes  and  Consequences 
of  Ovarian  Aging.  Edited  by  RG  Gosden.  New  York,  Academic  Press, 
1985 

2.  Cai  KQ,  Klein-Szanto  A,  Karthik  D,  Edelson  M,  Daly  MB,  Ozols  RF, 
Lynch  HT,  Godwin  AK,  Xu  XX:  Age-dependent  morphological  alter¬ 
ations  of  human  ovaries  from  populations  with  and  without  BRCA 
mutations.  Gynecol  Oncol  2006,  103:719-728 

3.  Nicosia  SV:  The  aging  ovary.  Med  Clin  North  Am  1987,  71:1-9 

4.  Salazar  H,  Godwin  AK,  Daly  MB,  Laub  PB,  Hogan  WM,  Rosenblum  N, 
Boente  MP,  Lynch  HT,  Hamilton  TC:  Microscopic  benign  and  invasive 
malignant  neoplasms  and  a  cancer-prone  phenotype  in  prophylactic 
oophorectomies.  J  Natl  Cancer  Inst  1996,  88:1810-1820 

5.  Mintz  B:  Embryological  development  of  primordial  germ-cells  in  the 
mouse:  influence  of  a  new  mutation,  Wj.  J  Embryol  Exp  Morphol  1957, 
5:396-406 

6.  Dubreuil  P,  Rottapel  R,  Reith  AD,  Forrester  L,  Bernstein  A:  The  mouse 
W/c-kit  locus.  A  mammalian  gene  that  controls  the  development  of 
three  distinct  cell  lineages.  Ann  NY  Acad  Sci  1990,  599:58-65 

7.  Nocka  K,  Tan  JC,  Chiu  E,  Chu  TY,  Ray  P,  Traktman  P,  Besmer  P: 
Molecular  bases  of  dominant  negative  and  loss  of  function  mutations 
at  the  murine  c-kit/white  spotting  locus:  w37,  Wv,  W41  and  W.  EMBO 
J  1990,  9:1805-1813 

8.  Reith  AD,  Rottapel  R,  Giddens  E,  Brady  C,  Forrester  L,  Bernstein  A:  W 
mutant  mice  with  mild  or  severe  developmental  defects  contain  dis¬ 
tinct  point  mutations  in  the  kinase  domain  of  the  c-kit  receptor.  Genes 
Dev  1990,  4:390-400 

9.  Murphy  ED:  Hyperplastic  and  early  neoplastic  changes  in  the  ovaries 
of  mice  after  genic  deletion  of  germ  cells.  J  Natl  Cancer  Inst  1972, 
48:1283-1295 

10.  Eldridge  JC,  McPherson  III  JC,  Mahesh  VB:  Maturation  of  the  nega¬ 
tive  feedback  control  of  gonadotropin  secretion  in  the  female  rat. 
Endocrinology  1974,  94:1536-1540 

11.  Murphy  ED,  Beamer  WG:  Plasma  gonadotropin  levels  during  early 
stages  of  ovarian  tumorigenesis  in  mice  of  the  W  x/W  u  genotype. 
Cancer  Res  1973,  33:721-723 

12.  Blaakaer  J,  Baeksted  M,  Micic  S,  Albrectsen  P,  Rygaard  J,  Bock  J: 
Gonadotropin-releasing  hormone  agonist  suppression  of  ovarian  tu¬ 
morigenesis  in  mice  of  the  Wx/Wv  genotype.  Biol  Reprod  1995, 
53:775-779 

13.  Cramer  DW,  Welch  WR:  Determinants  of  ovarian  cancer  risk.  II. 
Inferences  regarding  pathogenesis.  J  Natl  Cancer  Inst  1983, 
71:717-721 

14.  Lim  H,  Paria  BC,  Das  SK,  Dinchuk  JE,  Langenbach  R,  Trzaskos  JM, 
Dey  SK:  Multiple  female  reproductive  failures  in  cyclooxygenase 
2-deficient  mice.  Cell  1997,  91:197-208 

15.  Davis  BJ,  Lennard  DE,  Lee  CA,  Tiano  HF,  Morham  SG,  Wetsel  WC, 
Langenbach  R:  Anovulation  in  cyclooxygenase-2-deficient  mice  is 
restored  by  prostaglandin  E2  and  interleukin-1  beta.  Endocrinology 
1999,  140:2685-2695 

16.  Reese  J,  Zhao  X,  Ma  WG,  Brown  N,  Maziasz  TJ,  Dey  SK:  Comparative 
analysis  of  pharmacologic  and/or  genetic  disruption  of  cyclooxygen¬ 
ase-1  and  cyclooxygenase-2  function  in  female  reproduction  in  mice. 
Endocrinology  2001,  142:3198-3206 

17.  Richards  JS,  Russell  DL,  Ochsner  S,  Espey  LL:  Ovulation:  new  di¬ 
mensions  and  new  regulators  of  the  inflammatory-like  response.  Annu 
Rev  Physiol  2002,  64:69-92 

18.  Williams  CS,  Mann  M,  DuBois  RN:  The  role  of  cyclooxygenases 


Xu,  Xiangxi,  Ph.D. 


1336  Yang  et  al 

AJP  April  2007,  Vol.  170,  No.  4 


in  inflammation,  cancer,  and  development.  Oncogene  1999, 
18:7908-7916 

19.  Prescott  SM,  Fitzpatrick  FA:  Cyclooxygenase-2  and  carcinogenesis. 
Biochim  Biophys  Acta  2000,  1470:M69-M78 

20.  Oshima  M,  Dinchuk  JE,  Kargman  SL,  Oshima  H,  Flancock  B,  Kwong 
E,  Trzaskos  JM,  Evans  JF,  Taketo  MM:  Suppression  of  intestinal 
polyposis  in  Ape  delta716  knockout  mice  by  inhibition  of  cyclooxy¬ 
genase  2  (COX-2).  Cell  1996,  87:803-809 

21.  Lai  G,  Ash  C,  Hay  K,  Redston  M,  Kwong  E,  Hancock  B,  Mak  T, 
Kargman  S,  Evans  JF,  Gallinger  S:  Suppression  of  intestinal  polyps  in 
Msh2-deficient  and  non-Msh2-deficient  multiple  intestinal  neoplasia 
mice  by  a  specific  cyclooxygenase-2  inhibitor  and  by  a  dual  cyclo- 
oxygenase-1/2  inhibitor.  Cancer  Res  2001,  61:6131-6136 

22.  Chulada  PC,  Thompson  MB,  Mahler  JF,  Doyle  CM,  Gaul  BW,  Lee  C, 
Tiano  HF,  Morham  SG,  Smithies  O,  Langenbach  R:  Genetic  disrup¬ 
tion  of  Ptgs-1,  as  well  as  Ptgs-2,  reduces  intestinal  tumorigenesis  in 
Min  mice.  Cancer  Res  2000,  60:4705-4708 

23.  Subbaramaiah  K,  Dannenberg  A:  Cyclooxygenase  2:  a  molecular 
target  for  cancer  prevention  and  treatment.  Trends  Pharmacol  Sci 
2003,  24:96-102 

24.  Steinbach  G,  Lynch  PM,  Phillips  RK,  Wallace  MH,  Hawk  E,  Gordon 
GB,  Wakabayashi  N,  Saunders  B,  Shen  Y,  Fujimura  T,  Su  LK,  Levin  B: 
The  effect  of  celecoxib,  a  cyclooxygenase-2  inhibitor,  in  familial  ad¬ 
enomatous  polyposis.  N  Engl  J  Med  2000,  342:1946-1952 

25.  Cramer  D,  Harlow  B,  Titus-Ernstaff  L,  Bohlke  K,  Welch  WR,  Green¬ 
berg  ER:  Over-the-counter  analgesics  and  risk  of  ovarian  cancer. 
Lancet  1998,  351:104-107 

26.  Sorensen  HT,  Friis  S,  Norgard  B,  Mellemkjaer  L,  Blot  WJ,  McLaughlin 
JK,  Ekbom  A,  Baron  JA:  Risk  of  cancer  in  a  large  cohort  of  nonaspirin 
NSAID  users:  a  population-based  study.  Br  J  Cancer  2003, 
88:1687-1692 

27.  Schildkraut  JM,  Moorman  PG,  Halabi  S,  Calingaert  B,  Marks  JR, 
Berchuck  A:  Analgesic  drug  use  and  risk  of  ovarian  cancer.  Epide¬ 
miology  2006,  17:104-107 

28.  Smith  ER,  Daly  MB,  Xu  XX:  A  mechanism  for  Cox-2  inhibitor  anti¬ 
inflammatory  activity  in  chemoprevention  of  epithelial  cancers.  Can¬ 
cer  Epidemiol  Biomarkers  Prev  2004,  13:144-145 

29.  Morham  SG,  Langenbach  R,  Loftin  CD,  Tiano  HF,  Vouloumanos  N, 
Jennette  JC,  Mahler  JF,  Kluckman  KD,  Ledford  A,  Lee  CA,  Smithies 
O:  Prostaglandin  synthase  2  gene  disruption  causes  severe  renal 
pathology  in  the  mouse.  Cell  1995,  83:473-482 

30.  Smith  WL,  Langenbach  R:  Why  there  are  two  cyclooxygenase 
isozymes.  J  Clin  Invest  2001,  107:1491-1495 

31 .  Gupta  RA,  Tejada  LV,  Tong  BJ,  Das  SK,  Morrow  JD,  Dey  SK,  DuBois 
RN:  Cyclooxygenase- 1  is  overexpressed  and  promotes  angiogenic 


growth  factor  production  in  ovarian  cancer.  Cancer  Res  2003, 
63:906-911 

32.  Daikoku  T,  Wang  D,  Tranguch  S,  Morrow  JD,  Orsulic  S,  DuBois  RN, 
Dey  SK:  Cyclooxygenase- 1  is  a  potential  target  for  prevention  and 
treatment  of  ovarian  epithelial  cancer.  Cancer  Res  2005, 
65:3735-3744 

33.  Daikoku  T,  Tranguch  S,  Trofimova  IN,  Dinulescu  DM,  Jacks  T,  Nikitin 
AY,  Connolly  DC,  Dey  SK:  Cyclooxygenase- 1  is  overexpressed  in 
multiple  genetically  engineered  mouse  models  of  epithelial  ovarian 
cancer.  Cancer  Res  2006,  66:2527-2531 

34.  Balkwill  F,  Coussens  LM:  Cancer:  an  inflammatory  link.  Nature  2004, 
431:405-406 

35.  Clevers  H:  At  the  crossroads  of  inflammation  and  cancer.  Cell  2004, 
118:671-674 

36.  Tsafriri  A,  Reich  R:  Molecular  aspects  of  mammalian  ovulation.  Exp 
Clin  Endocrinol  Diabetes  1999,  107:1-11 

37.  Ozols  RF,  Bookman  MA,  Connolly  DC,  Daly  MB,  Godwin  AK,  Schilder 
RJ,  Xu  XX,  Hamilton  TC:  Focus  on  epithelial  ovarian  cancer.  Cancer 
Cell  2004,  5:19-24 

38.  Orsulic  S,  Li  Y,  Soslow  RA,  Vitale-Cross  LA,  Gutkind  JS,  Varmus  HE: 
Induction  of  ovarian  cancer  by  defined  multiple  genetic  changes  in  a 
mouse  model  system.  Cancer  Cell  2002,  1:53-62 

39.  Connolly  DC,  Bao  R,  Nikitin  AY,  Stephens  KC,  Poole  TW,  Hua  X, 
Harris  SS,  Vanderhyden  BC,  Hamilton  TC:  Female  mice  chimeric  for 
expression  of  the  simian  virus  40  TAg  under  control  of  the  MISIIR 
promoter  develop  epithelial  ovarian  cancer.  Cancer  Res  2003, 
63:1389-1397 

40.  Flesken-Nikitin  A,  Choi  KC,  Eng  JP,  Shmidt  EN,  Nikitin  AY:  Induction 
of  carcinogenesis  by  concurrent  inactivation  of  p53  and  Rbl  in  the 
mouse  ovarian  surface  epithelium.  Cancer  Res  2003,  63:3459-3463 

41.  Dinulescu  DM,  Ince  TA,  Ouade  BJ,  Shafer  SA,  Crowley  D,  Jacks  T: 
Role  of  K-ras  and  Pten  in  the  development  of  mouse  models  of 
endometriosis  and  endometrioid  ovarian  cancer.  Nat  Med  2005, 
11:63-70 

42.  Chen  CM,  Chang  JL,  Behringer  RR:  Tumor  formation  in  p53  mutant 
ovaries  transplanted  into  wild-type  female  hosts.  Oncogene  2004, 
23:7722-7725 

43.  Kirtikara  K,  Morham  SG,  Raghow  R,  Laulederkind  SJ,  Kanekura  T, 
Goorha  S,  Ballou  LR:  Compensatory  prostaglandin  E2  biosynthesis  in 
cyclooxygenase  1  or  2  null  cells.  J  Exp  Med  1998,  187:517-523 

44.  Wang  H,  Ma  WG,  Tejada  L,  Zhang  H,  Morrow  JD,  Das  SK,  Dey  SK: 
Rescue  of  female  infertility  from  the  loss  of  cyclooxygenase-2  by 
compensatory  up-regulation  of  cyclooxygenase-1  is  a  function  of 
genetic  makeup.  J  Biol  Chem  2004,  279:10649-10658 


Xu,  Xiangxi,  Ph.D. 


MOLECULAR  CARCINOGENESIS  46:130-143  (2007) 


Prominent  Expression  of  Metalloproteinases 
in  Early  Stages  of  Ovarian  Tumorigenesis 

Kathy  Qi  Cai,  Wan-Lin  Yang,  Callinice  D.  Capo-chichi,  Lisa  Vanderveer,  Hong  Wu, 

Andrew  K.  Godwin,  and  Xiang-Xi  Xu* 

Department  of  Medical  Oncology ,  Fox  Chase  Cancer  Center ,  Philadelphia,  Pennsylvania 

The  role  for  matrix  metalloproteinases  (MMPs)  in  tumor  cells  invasion  and  metastasis  is  well  established,  and 
expression  of  MMPs  is  recognized  as  an  indication  of  tumor  cell  malignancy.  Previous  studies  suggest  that  the 
degradation  of  the  basement  membrane  is  a  crucial  early  step  in  epithelial  transformation  and  ovarian  tumorigenesis. 
Thus,  MMPs  may  also  express  and  exert  a  role  in  preneoplastic  lesions  of  ovarian  tissues.  We  investigated  the 
expression  of  the  major  metalloproteinases,  gelatinase  A,  72  kDa  type  IV  collagenase  (MMP-2),  and  gelatinase  B, 
92  kDa  type  IV  collagenase  (MMP-9),  and  the  presence  of  basement  membrane  in  ovarian  tumors  and  tissues  from 
prophylactic  oophorectomies  using  immunostaining.  MMP  expression  was  also  characterized  in  a  panel  of  ovarian 
cancer  cell  lines  and  several  nontumorigenic  ovarian  surface  epithelial  primary  cells  by  zymography.  Northern,  and 
Western  blots.  We  found,  surprisingly,  that  MMP-2  and  MMP-9  are  expressed  more  frequently  in  early  lesions  than  in 
established  carcinomas.  No  correlation  was  found  between  the  expression  of  MMPs  and  tumor  grades  or  stages.  In 
preneoplastic  lesions,  MMP-2  or  MMP-9  expression  often  associates  with  the  absence  of  basement  membrane  and 
morphological  alterations.  MMP-2  is  often  expressed  in  nontumorigenic  ovarian  surface  epithelial  cells  but  reduced  or 
absent  in  cancer  cells.  Thus,  we  conclude  that  MMPs  expression  does  not  correlate  with  the  malignancy  of  ovarian 
epithelial  cells  as  generally  thought.  Rather,  increased  metalloproteinase  expression  is  an  early  event  in  ovarian 
tumorigenesis  and  associates  with  the  loss  of  epithelial  basement  membrane  and  morphological  transformation.  We 
propose  that  the  increased  MMP  activity  is  an  etiological  factor  for  ovarian  cancer  risk.  We  found  that  MMPs 
expression  does  not  correlate  with  the  malignancy  of  ovarian  epithelial  cells  as  generally  thought.  Rather, 
increased  metalloproteinase  expression  is  an  early  event  in  ovarian  tumorigenesis.  The  finding  suggests  roles  of  MMP 
in  tumor  initiation  in  addition  to  invasion,  and  may  impact  on  the  strategy  for  use  of  MMP  inhibitors  in  cancer 
prevention.  ©  2006  Wiley-Liss,  Inc. 

Key  words:  ovarian  cancer;  preneoplastic  changes;  MMPs;  epithelium;  basement  membrane 


INTRODUCTION 

The  ovarian  surface  epithelium  is  a  monolayer 
consisting  of  flat  to  cuboidal  cells,  which  are 
organized  by  a  layer  of  basement  membrane  com¬ 
posed  primarily  of  collagen  IV  and  laminin  [1].  The 
basement  membrane  plays  an  important  role  in 
epithelial  cell  organization,  differentiation,  prolif¬ 
eration,  and  transformation  [2,3].  Previous  studies  in 
our  lab  suggest  that  loss  of  the  epithelial  basement 
membrane  is  a  crucial  early  step  in  morphological 
transformation  and  tumor  initiation  of  the  ovarian 
surface  epithelia  [4,5]. 

The  integrity  of  the  basement  membrane  is 
regulated  both  by  proteolytic  degradation  and 
synthesis/remodeling,  and  is  a  critical  regulatory 
factor  for  epithelial  cells  during  many  physiological 
and  pathological  conditions.  The  basement  mem¬ 
brane  is  degraded  mainly  by  a  family  of  matrix 
metalloproteinases  (MMPs)  [6,7]:  zinc-dependent 
endopeptidases.  In  ovarian  epithelial  cells,  gelati¬ 
nase  A,  72  kDa  type  IV  collagenase  (MMP-2)  and 
gelatinase  B,  92  kDa  type  IV  collagenase  (MMP-9)  are 


the  two  major  MMPs  activities  detected  by  zymo- 
graphy  [8,9], 

In  human  ovarian  surface  epithelial  cells,  MMP-9 
expression  was  found  to  increase  dramatically 
following  stimulation  by  either  tumor  necrosis  factor 
alpha  (TNF-a)  or  interleukin- 1  beta  (IL-1  (3)  [9].  MMP- 
2  is  constitutively  produced  by  human  ovarian 
surface  epithelial  (HOSE)  cells  but  not  regulated  by 
TNF-a,  IL-1  (3,  or  other  factors  and  hormones  that 


Abbreviations:  Dab2f  Disabled-2;  HIO  cells,  human  "immorta¬ 
lized"  ovarian  surface  epithelial  cells;  IL-1  (3,  interleukin-1  beta;  LMP, 
low-malignant  potential;  MMPs,  matrix  metalloproteinases;  MMP-2, 
gelatinase  A,  72  kDa  type  IV  collagenase;  MMP-9,  gelatinase  B,  92 
kDa  type  IV  collagenase;  TMAs,  tissue  microarrays;  TNF-a,  tumor 
necrosis  factor  alpha. 
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potentially  involved  in  ovulation  [10].  Regulation  of 
MMP-9  by  TNF-a  or  IL-1 13  is  likely  critical  for 
proteolytic  activation  that  occurs  during  tissue 
rupture  in  ovulation.  It  is  also  speculated  that  loss 
of  basement  membrane  in  ovarian  surface  epithelial 
transformation  may  have  a  similar  mechanism  as  the 
loss  of  surface  epithelial  basement  membrane  in 
ovulation  [5]. 

Morphological  changes  of  ovarian  surface  epithe- 
lia  such  as  surface  papillomatosis,  inclusion  cysts, 
surface  epithelial  invaginations,  and  nuclear  pleo- 
morphism  or  stratification  of  surface  epithelial  cells 
have  been  postulated  by  various  investigators  to  be 
potential  premalignant  histologic  features  [10-12]. 
Such  morphological  alterations  can  often  be 
observed  in  ovaries  prophylactically  removed  from 
women  with  an  inherited  predisposition  for  ovarian 
cancer  [12,13].  Morphologically  benign  ovarian  sur¬ 
face  epithelia  found  adjacent  to  neoplastic  cells  are 
also  likely  preneoplastic  lesions  [14-16].  These 
putative  preneoplastic  lesions  may  provide  materials 
to  study  the  molecular  mechanisms  and  alterations 
of  gene  expression  involved  in  epithelial  morpholo¬ 
gical  transformation  and  the  development  of  ovar¬ 
ian  cancer. 

Among  the  markers  and  genes  that  associate  with 
ovarian  cancer,  a  consistent  finding  is  that  the 
transformation  of  monolayer  ovarian  epithelia  to 
stratified  or  neoplastic  epithelial  lesions  closely 
correlates  with  the  loss  of  Disabled-2  (Dab2) 
[14,15],  a  putative  tumor  suppressor  of  ovarian 
cancer  [15,17,18].  A  role  for  Dab2  in  epithelial 
structure  organization,  or  so-called  epithelial  posi¬ 
tioning  has  been  proposed  [1 7] ,  and  the  disruption  of 
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visceral  endoderm,  an  epithelium  in  early  embryos, 
in  Dab2  knockout  mice  [19]  supports  the  idea  that 
Dab2  has  a  role  in  epithelial  organization  and  the  loss 
of  Dab2  may  be  a  causative  factor  in  epithelial 
morphological  transformation  in  ovarian  cancer. 
Additional  observation  suggests  that  loss  of  Dab2 
expression  is  not  sufficient,  and  loss  of  basement 
membrane  also  contributes  to  ovarian  surface 
epithelial  morphological  transformation  [5,14]. 

In  the  current  study,  we  investigated  in  ovarian 
tumor  tissues,  prophylactic  oophorectomies,  and 
both  nontumorigenic  and  cancerous  ovarian  surface 
epithelial  cells  to  determine  if  MMP-2  and  MMP-9 
expression  contributes  to  the  observed  basement 
membrane  loss  in  the  early  step  of  ovarian  tumor- 
igenesis.  We  also  investigated  the  mechanism  for  the 
altered  expression  regulation  of  MMP-2  and  MMP-9. 


MATERIALS  AND  METHODS 

Ovarian  Tissues  and  Tumor  Specimens  and 
Immunohistochemistry 

Cancerous  and  benign  ovarian  specimens  were 
obtained  from  patients  who  underwent  surgical 
resection  at  Fox  Chase  Cancer  Center  (Table  1). 
The  3  ovarian  tumor  tissue  microarrays  (TMAs)  and 
20  prophylactic  oophorectomies  were  provided  by 
the  Tumor  Bank  Facility  of  Fox  Chase  Cancer  Center. 
We  also  used  a  collection  of  38  separate  cases  of 
archived  ovarian  tumor  tissue  blocks.  The  tumors 
were  histologically  classified  according  to  the  World 
Heath  Organization  (WHO)  classification  and  the 
surgical  stages  were  determined  according  to  the 


Table  1 .  List  of  Tissues  Used  for  Analysis 


Tissue 

Number 

Details 

Control  ovaries 

10 

From  noncancer  disease  (benign  uterine  lesions) 

Prophylactic  oophorectomies 

20 

From  high-risk  population 

TMA 

68 

(170  Cores,  68  informative  from  86  total  cases) 
47  serous  adenocarcinomas 

3  endometrioid  adenocarcinomas 

1  mucinous  adenocarcinomas 

3  clear-cell  carcinomas 

1  malignant  mixed  mesodermal  tumor 

3  metastatic  ovarian  carcinomas 

5  undifferentiated  carcinomas 

2  serous  LMP  tumors 

2  mucinous  LMP  tumors 

1  benign  serous  cystadenoma 

Ovarian  tumor  blocks 

38 

18  serous  adenocarcinomas 

5  mucinous  adenocarcinomas 

2  endometrioid  adenocarcinomas 

3  clear  cell  carcinomas 

6  serous  LMP 

3  mucinous  LMP 

1  benign  fibrous  cystadenoma 
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classification  of  International  Federation  of  Gyne¬ 
cology  and  Obstetrics  (FIGO). 

Immunostaining  was  performed  with  the  mouse 
DAKO  Envision  TM+  System  and  the  Peroxidase 
(DAB)  Kit  (Dako  Corporation,  Carpinteria,  CA)  as 
previously  described  [5].  The  antibodies  used 
include:  anti-MMP-9  (1:1000  dilution,  clone  15W2, 
Novacastra  Laboratories,  New  Castle,  UK),  anti- 
MMP-2  (Ab-4.  1:300  dilution,  clone  A-Gel  VC2, 
NeoMarkers,  Fremont,  CA),  anti-collagen  IV  (1:100 
dilution,  clone  CIV22,  Dako),  and  anti-Dab2/p96 
(1:400  dilution,  clone  52,  BD  Transduction  Labora¬ 
tories,  Lexington,  KY).  Negative  controls  were  pre¬ 
pared  by  replacing  the  primary  antibody  with  mouse 
nonimmunized  IgG.  Evaluation  of  the  staining 
intensity  and  characteristics  was  performed  inde¬ 
pendently  by  two  pathologists  in  a  blinded  manner. 
Tumors  with  more  than  10%  of  tumor  cells  or 
stromal  area  showing  strong  to  moderate  staining 
are  scored  as  positive. 

For  PAS  staining,  the  sections  were  first  deparaffi- 
nized  and  hydrated  with  water,  and  then  were 
oxidized  in  0.5%  periodic  acid  solution  for  5  min 
and  kept  in  Schiff  reagent  (Sigma,  St.  Louis,  MO)  for 
15  min.  The  sections  were  then  counterstained  with 
Mayer's  hematoxylin  for  1  min  and  then  dehydrated 
and  sealed  with  coverslips. 

Cell  Culture,  Western,  and  Northern  Blots 

The  panel  of  human  "immortalized"  ovarian 
(HIO)  epithelial  cell  lines  [9,20],  two  preparations 
of  primary  human  ovarian  surface  epithelial  cells 
[9,20],  and  ovarian  cancer  cell  lines  were  analyzed. 
Ovarian  cancer  cells  OVCAR2,  -3,  -4,  -5,  -8,  and  -10 
were  collected  in  Dr.  Andrew  Godwin's  lab  and  were 
used  previously  [9,20].  Other  ovarian  cancer  cells 
including  A1847,  A2780,  ES2,  OV1016,  PEO-1, 
and  SKOV3  were  purchased  from  American  Type 
Culture  Collection  (ATCC),  where  information 
about  these  ovarian  cancer  cells  is  available.  The 
primary  and  HlO-ovarian  surface  epithelial  cells 
were  cultured  in  medium  199  and  MCDB  105  (1:1) 
supplemented  with  15%  FBS,  0.25  U/mL  of  insulin, 
2  mM  L-glutamine,  100  U/mL  of  penicillin,  and 
100  pg/mL  of  streptomycin.  Primary  cells  cultured 
between  passages  2  and  4  were  used  for  ex¬ 
periments.  The  ovarian  cancer  cell  lines  were 
cultured  in  RPMI  1640  supplemented  with  10% 
FBS,  2  mM  L-glutamine,  100  U/mL  of  penicillin, 
and  100  pg/mL  of  streptomycin.  The  cultures  were 
maintained  in  a  humidified  atmosphere  of  95% 
air/5%  C02  at  37°C. 

Confluent  cells  cultured  in  60-mm  plates  were 
washed  twice  with  PBS  and  switched  to  the  same 
culture  medium  without  serum  for  18  h  to  obtain 
conditioned  medium,  which  was  concentrated  four¬ 
fold  with  Centricon  10  concentrators  (Amicon, 
Beverly,  MA),  and  then  the  concentrated  condi¬ 
tioned  medium  was  mixed  with  4  x  sample  buffer  at 


3:1  ratio.  Samples  of  total  cell  lysates  (about  100  pg) 
and  concentrated  conditioned  medium  were  ana¬ 
lyzed  by  Western  blot  with  antibodies  for  MMP-9  or 
MMP-2  (Oncogene,  Inc.,  San  Diego,  CA).  Northern 
blot  analysis  was  performed  as  previously  described 
[20].  Probes  were  EST  clones  obtained  from  ATCC 
and  were  verified  by  sequencing. 

Suppression  of  Gene  Expression  by  siRNA  Approach 

Reduced/suppressed  of  GATA6  expression  in  ovar¬ 
ian  cancer  cells  was  performed  according  to  pre¬ 
viously  published  procedure  [20].  Briefly,  the 
pSuppressorNeo  vector  (Imgenex,  San  Diego,  CA) 
with  or  without  siRNA  insert  targeting  GATA6  were 
transfected  into  GATA6-positive  ES2  or  HIO- 118  cells 
with  Mirus  transIT-LTl  reagent  (Mirus  corporation, 
Madison,  WI).  Following  a  24-h  incubation,  fresh 
medium  was  added.  The  condition  medium  was  used 
to  determine  MMP  activity  by  zymography,  the  cells 
were  used  for  Western  blot  analysis  to  evaluate  gene 
suppression. 

With  green  fluorescence  protein  (GFP)  expressing 
vector  for  co-transfection,  the  transfection  efficiency 
was  determined  to  be  around  70%  after  24  h,  which 
was  determined  to  be  the  optimal  time  in  suppres¬ 
sion  of  GATA6  expression  by  transient  transfection. 

Gelatin  Zymography 

SDS-polyacrylamide  (10%)  gels  copolymerized 
with  1  mg/mL  gelatin  were  used  to  detect  both  latent 
and  activated  forms  of  gelatinases.  An  aliquot  of 
about  50  pg  of  total  protein  from  concentrated 
conditioned  medium  was  separated  by  electrophor¬ 
esis  under  nonreducing  conditions.  The  gels  were 
washed  twice  with  2.5%  Triton  X-100  for  30  min  at 
room  temperature  with  constant  shaking  to  remove 
SDS.  Gels  were  subsequently  incubated  overnight  at 
37°C  in  the  development  buffer  [50  mM  Tris-HCl,  pH 
7.4,  200  mM  NaCl,  5  mM  CaCl2,  1%  (v/v)  Triton  X- 
100,  0.02%  Brij-35].  The  enzymatic  activity  was 
visualized  by  staining  the  gels  with  0.1%  (w/v) 
Coomassie  blue  G-250  in  40%  (v/v)  methanol/ 10% 
(v/v)  glacial  acetic  acid  at  room  temperature  for 
60  min  following  by  destaining  in  10%  (v/v) 
methanol  with  7%  (v/v)  acetic  acid. 

RESULTS 

Expression  of  MMP-2  and  MMP-9  in  Ovarian  Tumors 

To  examine  the  idea  that  expression  of  MMPs  may 
be  the  cause  in  the  loss  of  basement  membrane  and 
morphological  transformation,  we  investigated  the 
expression  of  MMP-9  and  MMP-2  in  a  collection  of 
ovarian  tissues  (Table  1)  and  cells  lines.  Typical 
normal  ovarian  surface  epithelia,  representative  of 
10  control  ovaries,  do  not  express  MMP-2  or  MMP-9, 
and  the  surface  epithelial  basement  membrane  is 
well-defined  as  revealed  by  staining  with  Periodic 
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Acid  Schiff  (PAS)  reagent  or  collagen  IV  (Figure  1A) 
(arrows).  PAS  stains  glycoproteins  in  the  basement 
membrane. 

Tissue  microarrays  (TMAs)  of  ovarian  tumors  were 
stained  with  MMP-2  and  MMP-9  antibodies.  After 
excluding  defective  cores  and  combining  duplica¬ 
tions  of  cores,  we  obtained  results  from  a  total  of  68 
informative  cases.  The  staining  patterns  of  MMP-2 
and  MMP-9  are  different  and  quite  unique.  Of  the  22 
out  of  68  tumors  (32.3%)  classified  as  MMP-9 
positive,  MMP-9  staining  is  detected  in  stroma 
surrounding  the  tumor  epithelial  cells  and  is  not 
found  in  the  neoplastic  epithelial  cells  (Figure  IB).  In 
contrast,  MMP-2  staining  is  present  in  both  epithe¬ 
lial  and/or  stromal  compartments  in  30  out  of  the  68 
tumors  (44. 1%).  Of  these  30  MMP-2  positive  tumors, 


heterogeneous  MMP-2  staining  is  detected  only  in 
neoplastic  epithelial  cells  in  15  cases,  only  in  stromal 
compartments  in  1 1  cases,  and  in  both  tumor  and 
stroma  cells  in  4  (13.3%)  cases.  Strong  MMP-2 
staining  was  also  observed  in  endothelial  cells  and 
smooth  muscle  cells  of  the  blood  vessels.  Examples  of 
the  immunostaining  are  shown  in  Figure  IB. 

The  unique  staining  patterns  of  MMP-2  and  MMP- 
9  were  also  found  in  the  whole  sections  of  the  38 
ovarian  tumor  tissues.  In  several  ovarian  carcinomas, 
it  was  observed  that  MMP-2  is  strongly  expressed 
around  the  edges  of  tumor  nodules  bordering  stroma 
(Figure  1C).  Examples  of  MMP-2,  MMP-9,  and 
collagen  IV  immunostaining  for  ovarian  carcinomas 
of  serous  and  other  histological  subtypes  (Figure  1C) 
are  shown. 


B 

Tumor#  #1  #2 


MMP-2 


MMP-9 


Figure  1.  Examples  of  immunostaining  of  ovarian  tissues.  (A) 
Characteristics  of  a  normal  ovarian  surface  epithelium:  immuno¬ 
staining  for  MMP-2,  MMP-9,  and  collagen  IV.  PAS  and  coolagen  IV 
positive  staining  show  the  presence  of  an  intact  basement 
membrane  as  indicated  by  arrows  (original  magnification:  400x). 
(B)  Representative  examples  for  immunostaining  of  MMP-2  and 
MMP-9.  Examples  of  MMP-2  and  MMP-9  staining  patterns  of  three 
tumors  in  ovarian  tissue  microarrays  are  shown.  Tumor  1:  A  serous 
carcinoma  with  positive  cytoplasmic  staining  of  MMP-2  in  tumor  cells 
and  positive  staining  of  MMP-9  in  the  stroma  surrounding  the  cancer 


cells.  Tumor  2:  A  serous  carcinoma  with  positive  cytoplasmic  staining 
of  MMP-2  in  tumor  cells  and  staining  of  MMP-9  is  negative.  Tumor  3: 
An  ovarian  tumor  with  negative  staining  of  MMP-2  and  positive 
staining  of  MMP-9  in  the  stroma  surrounding  the  epithelial  cancer 
cells  (original  magnification:  200x).  (C)  Typical  MMP-9  and  MMP-2 
staining  patterns  of  ovarian  carcinomas:  two  serous  carcinomas,  one 
each  of  mucinous,  clear  cell,  and  endometrioid  tumors  are  shown. 
Adjacent  sections  from  examples  of  ovarian  carcinomas  were  stained 
with  MMP-2,  MMP-9,  and  collagen  IV  (original  magnification: 
1 0Ox). 
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Figure  1.  ( Continued ) 


Expression  of  MMP-2  and  MMP-9  in  Ovarian  Tumor 
Histological  Subtypes  and  Lack  of  Correlation  With 
Tumor  Grades  and  Stages 

Several  unique  correlations  between  MMP  expres¬ 
sion  and  ovarian  tumor  histological  subtype  can  be 
made  (Table  2).  Mucinous  tumors  either  borderline 


or  malignant  often  do  not  express  MMPs,  because 
only  1  of  the  11  (5  low  malignant  potential  (LMP) 
and  6  carcinomas)  shows  expression  of  MMP-2. 
This  only  one  MMP-2  positive  mucinous  tumor  is  a 
poorly  differentiated  carcinoma  (see  Figure  4A). 
Most  (4  out  of  5)  undifferentiated  ovarian  carcino¬ 
mas  lack  expression  of  MMP-2  or  MMP-9.  Also,  4  out 
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Table  2.  MMP-2  and  MMP-9  Immunostaining  in  Ovarian  Tumor  Histologic  Subtypes 


MMP-2  positive  (%) 

MMP-9  positive  (%) 

Histol.  Subtypes 

Cases  # 

EC 

S 

Total 

EC 

S 

Total 

Benign  lesions 

Cystadenoma 

2 

1 

0 

1  (50%) 

0 

0 

0  (0%) 

Borderline 

Serous  LMP 

8 

8 

5 

8  (100%) 

0 

5 

5  (83.3%) 

Mucinous  LMP 

5 

0 

0 

0  (0%) 

0 

0 

0  (0%) 

Malignant 

Serous 

65 

22 

20 

33  (50.8%) 

0 

27 

27  (41.5%) 

Mucinous 

6 

1 

0 

1  (16.7%) 

0 

0 

0  (0%) 

Endometrioid 

5 

4 

1 

4  (80%) 

0 

1 

1  (33.3%) 

Clear  Cell 

6 

4 

0 

4(66.7%) 

0 

0 

0  (0%) 

Undifferentiated 

5 

0 

0 

0  (0%) 

0 

1 

1  (20%) 

Metastatic 

3 

2 

2 

3  (100%) 

0 

1 

1  (33.3%) 

Mai.  Mix.  Meso. 

1 

0 

0 

0  (0%) 

0 

0 

0  (0%) 

The  data  from  ovarian  tumor  blocks  and  TMA  were  combined  for  this  analysis. 

Abbreviations:  EC,  epithelial/cancer  cells;  S,  stromal;  LMP,  low  malignant  potential;  Mai.  Mix.  Meso.,  malignant  mixed  mesodermal. 


of  5  endometrioid  and  4  of  6  clear  cell  carcinomas 
show  strong  staining  of  MMP-2  but  no  MMP-9  in 
tumor  cells  (Table  2,  Figure  1C).  Clear  cell  carcino¬ 
mas  often  stained  strongly  with  collagen  IV  in  the 
stromal  area,  as  shown  in  an  example  in  Figure  1C. 

Pathological  information  on  the  tumors  in  the 
TMAs  was  available  to  us  and  we  determined  the 
potential  correlation  between  MMP-2  and  MMP-9 
expression  with  tumor  grades  and  stages  (Table  3). 
Unexpectedly,  we  did  not  find  a  correlation  between 
MMP  expression  and  tumor  grades  or  stages:  the  P- 
values  are  greater  than  0.05  indicating  the  values  are 
not  statistically  different.  The  percentages  of  grade  2 
and  grade  3  tumors  expressing  MMP-2  and  MMP-9 


are  not  notably  different.  Also,  no  progressive 
increase  in  MMPs  expression  that  associates  with 
tumor  stages  was  found  (Table  3).  Additionally,  in  all 
eight  (two  from  TMA  and  six  from  tumor  blocks) 
serous  LMP  tumors,  strong  cytoplasmic  staining  of 
MMP-2  was  found  in  tumor  cells  and/or  adjacent 
stroma  (Figure  2A).  In  five  of  these  serous  LMP 
tumors,  high  expression  of  MMP-9  was  also  found  in 
stroma  as  shown  by  a  representative  example  (Figure 
2D).  Strong  cytoplasmic  MMP-2  staining  was  also 
found  in  epithelial  cells  of  the  benign  serous 
cystadenoma  (Figure  3A).  Thus,  MMP-2  or  MMP-9 
is  prominently  expressed  in  the  early  stages  of  tumor 
development  and  in  less  malignant  ovarian  tumors. 


Table  3.  Correlation  Between  MMP-2  and  MMP-9  Immunoreaction  and  Tumor  Grades/Stages 


MMP-2  positive  (%) 

MMP-9  positive  (%) 

Total  # 

EC 

S 

Total 

EC 

S 

Total 

Tumor  grade 

1 

2 

0 

0 

0  (0%) 

0 

1 

1  (50%) 

2 

12 

4 

0 

4(33.3%) 

0 

4 

4  (33.3%) 

3 

49 

13 

15 

24  (49.0%) 

0 

17 

17  (34.7%) 

LMP 

13 

8 

5 

8  (61.5%) 

0 

5 

0  (38.5%) 

FIGO  stage 

1 

9 

4 

0 

4  (44.4%) 

0 

3 

3  (33.3%) 

II 

2 

0 

1 

1  (50%) 

0 

1 

1  (50%) 

III 

45 

12 

12 

20  (44.4%) 

0 

15 

15  (33.3%) 

IV 

11 

3 

1 

4  (36.4%) 

0 

3 

3  (27.3%) 

Most  of  the  data  was  derived  from  in  the  three  ovarian  tissue  microarrays  in  which  the  information  on  grades  and  stages  are  available. 
The  LMP  information  includes  both  tumor  blocks  and  tissue  microarray.  The  one  case  of  benign  serous  cystadenoma  was  excluded  from 
this  analysis. 

Abbreviations:  EC,  epithelial  cancer  cells;  S,  stromal. 
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Figure  2.  Staining  of  MMP-2,  MMP-9,  and  collagen  IV  in  LMP.  (A)  A  serous  LMP  tumor.  (B)  Both  tumor  cells  and 
adjacent  stroma  are  positive  for  MMP-2.  (C)  An  MMP-2  positive,  MMP-9  negative  LMP  tumor.  (D)  An  MMP-2 
negative  and  MMP-9  positive  LMP  tumor  (original  magnification:  lOOx). 


Expression  of  MMP-2  and  MMP-9  in  Morphological 
Altered  Lesions  From  Prophylactic  Oophorectomies 

Prophylactic  oophorectomy  is  often  used  as  a 
preventive  approach  for  breast  and  ovarian  cancer 
in  a  high-risk  population  [21].  Presumably  the 
ovaries  have  a  higher  chance  to  develop  ovarian 
cancer  and  contain  potential  preneoplastic  lesions 
[12].  Here,  we  examined  the  expression  of  MMP-2, 
MMP-9,  and  collagen  IV  by  immunostaining  in  20 
ovarian  tissues  from  prophylactic  oophorectomies. 
In  pseudostratification  of  ovarian  surface  epithelia, 
it  was  consistently  observed  that  MMP-2  instead 
of  MMP-9  is  expressed  as  shown  by  examples 
(Figure  3B).  In  a  typical  example  of  papillary  lesion 
shown  (Figure  3C),  positive  MMP-9  staining  at  the 
interface  between  epithelial  and  stromal  compart¬ 


ment  correlates  with  absence  of  the  basement 
membrane  stained  by  either  collagen  IV  or  PAS 
(arrow),  while  the  areas  that  lack  MMP-9  exhibit 
basement  membrane  staining  of  either  collagen  IV  or 
PAS  (arrowhead). 

The  results  suggest  that  MMP-2  and  MMP-9  are 
often  expressed  in  areas  associated  with  preneoplas¬ 
tic  morphological  changes  in  prophylactic  oophor¬ 
ectomies.  Also,  expression  of  either  MMP-2  or  MMP- 
9  likely  accounts  for  the  loss  of  basement  membrane 
in  preneoplastic  ovarian  surface  epithelia. 

Expression  of  MMP-2  and  MMP-9  Correlates  With 
the  Absence  of  Basement  Membrane 

The  immunostaining  may  detect  both  active  or 
precursor  (pro-MMP)  forms  of  MMP-2  and  MMP-9. 
The  presence/absence  of  substrates  such  as  collagen 
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detached  papillary  structures  (original  magnification:  200x).  The 
arrows  and  arrowheads  indicate  the  inverse  relationship  between  the 
expression  of  MMP-9  and  the  presence  of  basement  membrane  in 
corresponding  areas  of  adjacent  slides.  (D)  Lack  of  MMP-2  and  MMP- 
9  expression  in  some  ovarian  cortical  inclusion  cysts.  In  some 
inclusion  cysts,  no  MMP-2  or  MMP-9  expression  was  found,  but 
collagen  IV  staining  was  negative.  Cytokeratin  8  staining  indicates 
epithelial  cells  (original  magnification:  200x). 


Figure  3.  Representative  immunostaining  of  prophylactic  oophor¬ 
ectomy  tissues.  (A)  Strong  cytoplasmic  MMP-2  staining  was  also 
found  in  tumor  cells  of  the  benign  serous  cystadenoma  (original 
magnification:  40x).  Higher  magnification  of  the  area  indicated  by 
an  outline  in  are  shown  for  staining  with  MMP-2,  MMP-9,  and 
collagen  IV  (original  magnification:  200x).  (B)  The  ovarian  surface 
epithelial  cells,  stained  with  cytokeratin  8,  are  hyperplastic  and  form 
papillomatosis.  MMP-2  is  strongly  stained  (original  magnification: 
200x).  (C)  MMP-2  is  negative  and  MMP-9  was  detected  in  the 


IV  or  laminin  in  the  same  area  may  be  used  as  an 
indication  of  the  activity  of  the  MMPs.  PAS  stains  can 
be  used  to  determine  if  the  bulk  of  basement 
membrane  proteins  are  present.  The  expression  of 
either  MMP-2  or  MMP-9  correlates  well  with  the 
absence  of  collagen  IV-containing  or  PAS-stained 
basement  membrane  materials  in  the  same  areas  in 
prophylactic  oophorectomies  and  most  tumor  tis¬ 
sues,  suggesting  the  immunoreactive  MMP-2  and 
MMP-9  proteins  are  active  enzymes. 

In  some  inclusion  cyst  lesions,  although  collagen 
IV  and  PAS  staining  was  absent,  indicating  the  loss  of 
an  intact  basement  membrane,  no  MMP-2  or  MMP-9 
expression  of  was  found  (Figure  3D).  We  postulate  at 
least  two  possibilities.  First,  proteinases  that  are 
capable  of  degrading  the  basement  membrane,  such 
as  uPA  and  MMP  members  other  than  MMP-2  and 
MMP-9,  may  be  expressed  in  these  lesions.  Alterna¬ 
tively,  the  epithelial  cells  in  the  lesions  may  lose  the 


ability  to  express,  secrete,  or  assemble  basement 
membrane.  The  observation  that  some  preneoplastic 
ovarian  epithelial  cells  and  cancer  cells  do  not 
express  collagen  IV  and/or  laminin  [5]  supports  this 
possibility. 

Increased  Expression  of  MMP-9  and  MMP-2  in  Areas  of 
Histological  Transition  From  Benign  to  Neoplastic 
Epithelia  in  Ovarian  Tumors 

Even  in  high-grade  cases  of  ovarian  cancer,  some 
benign  ovarian  tissues  attached  to  tumors  may  be 
found  occasionally.  In  these  tissues  consisting  of 
both  benign  and  tumor  portions,  contiguous  epithe¬ 
lia  linking  morphological  normal  to  neoplastic 
lesions  can  be  observed  [14-16].  We  reason  that 
analysis  of  markers  in  these  epithelial  transition 
zones  may  reveal  the  changing  expression  from 
benign  to  malignant,  and  may  provide  clues  to  the 
development  of  ovarian  cancer.  The  expression  of 
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Figure  4.  Increased  MMP-2  or  MMP-9  expression  in  areas  of  epithelial  morphological  transformation.  (A)  An 
epithelial  transition  found  in  a  poorly  differentiated  mucinous  tumor  shows  MMP-2  positive  staining  (original 
magnification:  lOOx).  The  boxed  area  is  shown  in  a  higher  magnification  at  the  right  (original  magnification: 
200x).  (B)  In  a  serous  tumor,  MMP-9  staining  is  strong  in  the  transition  zone.  The  area  outlined  is  shown  at  a  higher 
magnification  at  the  right. 


one  marker,  the  putative  ovarian  cancer  tumor 
suppressor  Dab2,  correlates  well  with  morphological 
transition:  Dab2  is  positive  in  monolayer  but  lost  in 
neoplastic,  multiple  layer  lesions  [14,15]. 

We  have  collected  and  used  10  ovarian  cancer 
cases  containing  areas  of  continuum  from  normal  to 
neoplastic  ovarian  epithelia  for  the  current  study. 
We  found  striking  patterns  of  increased  MMP-2  or 
MMP-9  expression  in  the  areas  of  epithelial  morpho¬ 
logical  transition.  As  an  example  of  a  case  of  poorly 
differentiated  mucinous  carcinoma,  strong  cytoplas¬ 
mic  staining  of  MMP-2  in  tumor  cells  was  found  in 
area  of  transition  from  benign  to  malignant  epithe¬ 
lium  (Figure  4A).  Loss  of  collagen  IV  and  Dab2  was 
also  found  in  the  epithelial  transition  zone.  No 
MMP-9  expression  was  observed  in  this  case.  As 
shown  in  another  representative  example  of  a  serous 


carcinoma,  the  epithelial  transition  is  marked  by  the 
loss  of  Dab2  staining  (Figure  4B).  MMP-9  staining  is 
strong  in  the  transition  zone  where  the  basement 
membrane  (stained  by  collagen  IV)  is  absent.  Such 
staining  pattern  of  MMP-9  in  epithelial  transition 
zones  was  seen  in  another  three  ovarian  tumor  cases. 

In  summary,  we  observed  that  strong  expression  of 
MMP-2  or  MMP-9  is  associated  with  the  transition  of 
ovarian  surface  epithelia  from  morphological  nor¬ 
mal  to  neoplastic,  suggesting  a  role  for  MMP-2  and 
MMP-9  in  epithelial  morphological  transformation. 

Expression  of  MMPs  in  Ovarian  Epithelial  and 
Cancer  Cells 

The  finding  that  MMP-2  and  MMP-9  expression 
are  more  frequent  and  prevalent  in  preneoplastic 
lesions  and  early  stages  of  ovarian  carcinogenesis 
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than  in  malignant  cancer  is  somewhat  unexpected. 
Thus,  we  investigated  the  expression  of  MMP-2  and 
MMP-9  in  a  panel  of  nontumorigenic  ovarian  surface 
epithelial  and  cancer  cells  to  further  determine  the 
correlation  between  MMP  expression  and  malig¬ 
nancy  of  the  cells.  The  several  lines  of  "HIO"  cells 
were  prepared  from  morphologically  normal  ovarian 
tissues  from  prophylactic  oophorectomy  surgeries, 
and  these  cells  were  transfected  with  SV-40  antigen 
to  prolong  the  lifespan  of  the  cells  in  culture  [20,22] . 

Two  MMP  activities  from  the  condition  medium 
derived  from  the  panel  of  cells  were  detected  by 
gelatin  zymography  (Figure  5A).  Based  on  molecular 
weights  of  the  MMP  enzymes,  the  activities  were 
likely  the  latent  and  active  forms  of  MMP-2  (72  and 
62  kDa)  and  MMP-9  (92  and  82  kDa),  respectively.  No 
significant  MMP  activity  was  detected  in  whole  cell 
lysates  from  any  of  the  cell  lines  (not  shown).  The 
MMP-2  activity  is  more  prominent  in  the  four  HIO 
cell  lines  than  in  the  panel  of  ovarian  cancer  cells 
(Figure  5  A,  upper  panel),  though  MMP-2  activity  was 
detected  in  all  cells  upon  longer  development  of  the 
zymogram  (Figure  5 A,  lower  panel).  The  presence  of 
the  MMP-2  proteins  in  human  "immortalized" 
ovarian  surface  epithelial  cells  (HIO  cells)  was 
confirmed  by  Western  blot  analysis  (Figure  5B),  but 
MMP-9  protein  was  not  detectable  with  Western  blot 
(not  shown).  It  appears  that  zymography  is  much 
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more  sensitive  than  immunoblotting  to  detect  both 
MMP-2  and  MMP-9. 

Several  identical  blots  of  RNA  from  a  panel  of  HIO 
and  ovarian  cancer  lines  were  prepared  and  several 
available  MMP  cDNAs  were  used  to  probe  their 
mRNA  levels  by  Northern  blot.  MMP-1,  MMP-3, 
MMP-9,  and  MMP- 14  were  not  detectable  in  both 
HIO  and  cancer  cells  (not  shown).  MMP-2  mRNA 
was  detected  in  several  lines  of  HIO  cells,  but  the 
signal  was  absent  or  very  low  in  most  cancer  cells 
(Figure  5C).  As  an  exception,  ES2  ovarian  cancer  cells 
express  a  high  level  of  MMP-2  (Figure  5C).  ES2  is  an 
ovarian  clear  cell  carcinoma  line,  thus,  it  is  consis¬ 
tent  with  our  observation  that  MMP-2  is  often 
expressed  in  ovarian  clear  cell  carcinomas.  We 
noticed  that  MMP-2  expression  pattern  exhibits 
some  correlation  with  the  expression  of  the  differ¬ 
entiation-determining  transcription  factor  GATA6 
(Figure  5C).  For  example,  MMP-2  and  GATA6  are 
both  expressed  in  HIO-103,  HIO-115,  HIO-114,  ES2, 
and  SKOV-3  cells,  but  not  (or  weak)  in  A2780, 
OVCAR-2,  -3,  -4,  -5,  -8,  and  -10  cells.  In  HIO-118 
and  HIO- 107  cells,  however,  the  expression  of  MMP- 
2  and  GATA6  are  not  correlative  well. 

Based  on  the  data  from  zymography  and  results 
from  Western  and  Northern  blots,  it  appears 
that  cancer  cells  generally  express  little  or  no 
MMPs  mRNA  and  proteins  compared  to  the 


Figure  5.  Expression  of  MMPs  in  ovarian  surface  epithelial  and 
cancer  cell  lines.  (A)  MMP-2  and  MMP-9  activities  were  detected  by 
zymography.  (B)  The  condition  medium  was  analyzed  for  MMP  by 
Western  blot.  The  amount  of  cells,  from  which  the  condition  medium 
was  obtained,  were  determined  by  Western  blotting  analysis  of  the 
cell  lysate  for  p-actin  level.  (C)  Total  RNA  was  extracted  from  a  panel 
of  ovarian  epithelial  and  cancer  cells  for  analysis  by  Northern 


blotting.  (D)  ES2  cells  were  transfected  with  either  vector  as  control 
or  siRNA  targeting  the  downregulation  of  GATA6.  Two  separate 
flasks  of  cells  transfected  with  siRNA  were  included.  The  next  day, 
condition  medium  was  collected  for  a  4-h  period.  MMP-2  activity 
was  detected  by  zymography  in  the  condition  medium,  and  the  cells 
were  harvested  for  Western  blot  analysis  of  GATA6,  Dab2,  and  p- 
actin.  This  experiment  was  repeated  three  times  with  similar  result. 
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nontumorigenic  cells.  The  findings  from  the  cell 
lines  are  consistent  with  the  conclusion  derived  from 
tissue  analysis  that  MMPs,  especially  MMP-2,  is  more 
frequently  expressed  in  nontumorigenic  cells  and 
preneoplastic  lesions  than  in  malignant  cancer  cells. 

Regulation  of  MMP  Expression  in  Ovarian 
Epithelial  and  Cancer  Cells 

We  tested  the  hypothesis  that  GATA6  may  regulate 
MMP-2  expression  by  downregulation  of  GATA6 
expression  in  ES2  cells  (Figure  5D).  Western  blotting 
of  the  cell  lysate  showed  that  GATA6  was  down- 
regulated  by  the  siRNA  transfection  and  the  expres¬ 
sion  of  Dab2,  a  GATA6-dependent  gene,  was  also 
reduced.  MMP-2  activity  in  the  condition  medium 
detected  by  zymography  was  also  reduced  to  30%  of 
the  vector  control  (Figure  5D).  Thus,  the  result 
supports  that  GATA6  may  regulate  MMP-2  expres¬ 
sion,  and  the  reduced  MMP-2  in  ovarian  cancer  cells 
may  due  to  the  loss  of  GATA6  expression  in  ovarian 
cancer  [20] . 

Because  MMP-9  expression  in  ovarian  surface 
epithelial  cells  is  regulated  by  TNF-a  [9],  we  also 
investigated  the  regulation  in  ovarian  cancer  cells.  In 
contrast  to  HIO  cells  [9],  in  two  independent 
preparations  of  primary  human  ovarian  surface 
epithelial  cells  tested,  TNF-a  failed  to  stimulate 
MMP-9  expression  (Figure  6A).  In  a  panel  of  HIO 


and  ovarian  cancer  cells  tested  (Figure  6B),  we  found 
that  MMP-9  is  expressed  and  stimulated  by  TNF-a  in 
HIO-80,  SKOV-3  (weakly),  Peo-1,  and  UPN  cells,  but 
not  in  HIO-118,  OVCAR3,  OVCAR5,  OVCARIO,  ES2, 
A1847  cells.  Thus,  only  a  fraction  of  ovarian  cancer 
cells  express  MMP-9  and  are  responsive  to  TNF-a. 

DISCUSSION 

Previously  we  found  that  preneoplastic  ovarian 
surface  epithelia  often  lack  intact  basement  mem¬ 
branes  and  proposed  that  loss  of  basement  mem¬ 
brane  is  a  step  in  neoplastic  morphological 
transformation  [5] .  In  the  current  study  we  set  out 
to  determine  if  expression  of  metalloproteinases  may 
be  the  cause  of  the  loss  of  basement  membrane.  We 
systematically  investigated  MMP-2  and  MMP-9 
expression  in  preneoplastic  ovarian  tissues,  tumors, 
and  cultured  cells.  The  presence  of  a  basement 
membrane  was  also  determined  by  PAS  and  collagen 
IV  staining.  The  current  results  indicate  that  the 
increased  expression  of  MMP-2  and  MMP-9  is 
correlative  and  may  be  responsible  for  the  loss  of 
ovarian  epithelial  basement  membrane  in  most 
cases.  The  study  also  reaches  an  unexpected  conclu¬ 
sion  that  MMP-2  and  MMP-9  expression  is  more 
prominent  in  preneoplastic  lesions  and  early  stages 
of  tumor  development  than  in  neoplastic  cells  and 
overt  malignant  cancers.  A  role  for  MMP  expression 


Figure  6.  Regulation  of  MMPs  in  ovarian  surface  epithelial  and  cancer  cell  lines  by  TNF-a.  (A)  Two  independent 
preparations  of  primary  human  ovarian  surface  epithelial  (HOSE)  cells  were  stimulated  with  TNF-a  (10  ng/mL). 
Condition  medium  was  collected  at  the  indicated  time  following  TNF-a  stimulation  and  used  for  zymography  to 
determine  MMP  activities.  (B)  HIO  and  ovarian  cancer  cells  were  stimulated  with  or  without  TNF-a  (1 0  ng/mL)  and 
the  condition  medium  was  collected  after  18  h.  The  condition  medium  was  analyzed  for  MMP  activities  by 
zymography. 


Molecular  Carcinogenesis  DOI  10.1002/mc 


Xu,  Xiangxi,  Ph.D. 


MMPs  IN  EARLY  OVARIAN  CANCER  DEVELOPMENT 


in  morphological  transformation  is  also  suggested 
based  on  the  observations  of  MMP  immunostaining 
in  epithelial  transitions  from  benign  to  malignant 
areas  in  tumor  tissues. 

Regulation  of  MMPs  Expression  in  Ovarian 
Epithelial  and  Cancer  Cells 

In  cultured  ovarian  surface  epithelial  cells,  MMP-9 
expression  was  shown  to  be  regulated  by  TNF-a  and 
IL-1|3  [9].  These  pro-inflammatory  cytokines  are 
implicated  in  the  rupture  of  the  ovarian  surface 
during  ovulation,  which  is  an  inflammation-like 
process  [23].  The  stimulation  of  MMP-9  by  TNF-a  is 
believed  to  be  part  of  the  gonadotropin-stimulated 
cascade  of  events  in  ovulation,  including  proteolytic 
degradation  of  tissue  and  basement  membrane 
to  allow  the  release  of  ova.  Furthermore,  it  was 
speculated  that  TNF-a-stimulated  MMP-9  expression 
and  tissue  remodeling  represents  an  underlying 
mechanism  for  the  etiological  link  between  ovula¬ 
tion  and  ovarian  cancer  risk  [9].  Presumably,  the 
increases  in  MMP-9  expression  at  the  junctions 
between  morphological  normal  and  neoplastic 
lesions  observed  in  the  current  study  are  due  to  the 
stimulation  of  local  concentrations  of  TNF-a  and  IL- 
1(3.  However,  it  is  peculiar  that  primary  ovarian 
surface  epithelial  cells  are  not  responsive  to  TNF-a  for 
the  expression  of  MMP-9.  Also,  most  of  the  ovarian 
cancer  cells  also  do  not  express  MMP-9  or  responsive 
to  TNF-a.  We  speculate  that  ovarian  surface  epithe¬ 
lial  cells  need  to  be  activated  to  become  competent 
for  TNF-a-regulated  MMP-9  expression.  The  nature 
of  such  activation  is  unknown. 

MMP-2  is  known  to  be  regulated  both  at  the 
transcription  level  [24,25]  and  posttranscriptional 
activation  by  MT1-MMP  and  inhibition  by  an 
endogenous  inhibitor,  TIMP-1  [26].  MMP-2  expres¬ 
sion  can  be  modulated  by  growth  factors  through  the 
Ras/MAPK  and  AKT  pathways  [24,26],  though  the 
response  is  gradual  and  MMP-2  is  not  an  immediate 
early  response  gene.  We  found  that  MMP-2  expres¬ 
sion  is  more  prominent  in  benign  and  early  stages 
of  ovarian  tumor  development  than  established 
tumors.  Consistently,  MMP-2  was  found  expressed 
often  in  the  nontumorigenic  HIO  cells  rather  than  in 
cancer  cells,  which  was  especially  obvious  in  the 
Northern  blot  to  measure  MMP-2  mRNA.  A  correla¬ 
tion  between  expression  of  GATA-6  and  MMP-2  is 
present:  expression  of  both  genes  are  present  in  most 
HIO  lines  and  ES2  cells  but  absent  or  very  low  in  most 
other  ovarian  cancer  cells  tested.  Interestingly,  a 
previous  study  found  that  MMP-2  promoter  contains 
a  GATA  binding  site  and  GATA  factors  stimulates 
MMP-2  expression  in  endothelial  cells  [25].  Thus,  we 
especially  favor  a  hypothesis  that  MMP-2  expression 
is  lost  in  neoplastic  ovarian  epithelial  cells  due  to  the 
loss  of  the  differentiation-determine  GATA  tran¬ 
scription  factors,  a  process  we  defined  as  epithelial 
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dedifferentiation  [20].  The  finding  in  experiments 
using  siRNA  to  downregulate  GATA6  in  ES2  cells 
supports  this  hypothesis. 

Increased  Expression  of  MMPs  is  an  Early  Event  in 
Ovarian  Tumorigenesis 

The  roles  of  MMP  expression  in  tumor  invasion 
and  metastasis  and  the  correlation  between  MMP 
expression  and  tumor  malignancy  are  dogmas  in 
tumor  biology  [27],  For  ovarian  cancer,  secretion  of 
MMP-2  and  MMP-9  has  been  observed  in  several 
ovarian  cancer  cell  lines  and  detected  in  ascetic  fluid 
from  patients  with  advanced  ovarian  cancer  [28]. 
MMP  expression  is  prominent  in  ovarian  tumors 
[29-31],  the  invasiveness  of  ovarian  cancer  cell  lines 
correlates  with  the  expression  of  MMP-2  and  MMP-9 
in  vitro  [32],  and  correlation  of  MMP  expression  with 
patient  prognosis  [33].  It  is  generally  believed  that 
MMP  expression  correlates  with  tumor  progression 
and  the  degree  of  malignancies.  Our  conclusions 
that  MMP-2  and  MMP-9  expression  is  more  promi¬ 
nent  in  early  and  preneoplastic  lesions  than  overt 
ovarian  tumors,  and  a  lack  of  correlation  between 
MMP  expression  with  tumor  grades  and  stages,  are 
quite  unique.  We  attribute  our  distinct  findings  and 
conclusions  to  the  new  availability  of  preneoplastic 
ovarian  tissues  and  cells  for  study. 

Clinical  trials  with  MMP  inhibitors  as  anti-cancer 
therapy  have  yielded  disappointing  results  [34,35]. 
Further  studies  led  to  the  suggestion  that  MMPs  have 
functions  other  than  invasion  and  metastasis,  and 
that  they  act  before  invasion  occurs  in  the  develop¬ 
ment  of  cancer.  Our  conclusion  is  consistent  with 
the  new  understanding  that  MMPs  play  important 
roles  in  tumor  initiation  [34,35]. 

Expression  of  MMPs  Associates  With  Ovarian 
Epithelial  Morphological  Transformation 

An  intriguing  observation  is  the  increased  expres¬ 
sion  of  MMP-2  and  MMP-9  in  the  areas  of  histological 
transition  from  benign  to  malignant  epithelia  in 
ovarian  tumor  tissues.  High  expression  of  MMP-2 
and  MMP-9  was  also  identified  in  the  preneoplastic 
morphological  changes  in  ovaries  obtained  from 
prophylactic  oophorectomies. 

MMPs  play  a  biological  role  in  tissue  morphogen¬ 
esis  during  development,  possibly  by  regulating  the 
integrity  of  epithelial  basement  membrane 
[2,3,34,36].  Thus,  we  propose  that  the  increased 
expression  of  MMP-2  and  MMP-9  is  a  causative  factor 
in  ovarian  morphological  alterations  and  they 
promote  neoplastic  growth  of  predisposed  (contain¬ 
ing  genetic  or  epigenetic  changes)  epithelial  cells  to 
develop  tumors. 

Increased  MMP  Expression  as  an  Etiological 
Factor  for  Ovarian  Cancer 

The  link  between  ovulation  and  ovarian 
cancer  risk  has  been  well  recognized  [37,38].  The 


Molecular  Carcinogenesis  DOI  1 0. 1 002/mc 


Xu,  Xiangxi,  Ph.D. 


CAI  ETAL. 


M2 

gonadotropin  stimulation  hypothesis  postulates 
that  the  ovulation-associated  surges  of  gonadotro¬ 
pins  are  the  causative  factors  for  the  neoplastic 
transformation  of  ovarian  surface  epithelial  cells 
[37,38].  Even  after  cessation  of  ovulation  in  meno¬ 
pausal,  the  increased  gonadotropins  stimulate  an 
ovulation-like  inflammatory  process  [39],  which  was 
also  considered  an  etiological  factor  in  ovarian 
cancer  risk.  Thus,  these  gonadotropin-stimulated 
an  increase  of  cytokines  such  as  TNF-a  and  IL-1  (3  and 
further  induce  expression  of  MMP-9,  which  subse¬ 
quently  lead  to  the  degradation  of  ovarian  surface 
epithelial  basement  membrane  and  morphological 
alteration.  Ultimately,  the  increases  in  MMP-2  and 
MMP-9  may  lead  to  the  selection  and  promotion  of 
neoplastic  cells. 

Hence,  the  increased  expression  of  MMP-2  and 
MMP-9  in  ovaries  may  be  considered  an  etiological 
factor  in  ovarian  cancer  risk,  and  a  reduction  of 
ovarian  MMP  activity  may  be  an  approach  in  ovarian 
cancer  prevention. 
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